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PROCEEDINGS INTRODUCTION

One of the major environmental problems facing the United States, as
well as other nations, is the need for safe handling and disposal of
hazardous waste. A fundamental component of all programs relating to
waste management 1is the need to perform measurements. These
moasurements include waste composition and properties; effectiveness
of management processes; engineering properties of materials used in
constructing management units; and, last but not least, long term
perfoumance of such management units. Thus, the pivotal roles played
by the measurement methodology and, its attendent, quality assurance.

The analysis of complex waste matrices presents the environmental
cowmmnity with demanding analytical problems for which solutions are
being developed at a rapid rate. This annual symposium series,
presented by the EPA’s Office of Solid Waste, is designed to focus on
recent developments in testing methods and quality assurance of
importance to both the RCRA and CERCLA programs.

The symposium highlights developing requirements for quality assurance
as well as new analytical procedures intended to be used in EPA’s
national RCRA and CERCLA hazardous waste management programs. Our
purpose in holding these symposia is several fold. First, as a means
of communicating what EPA is doing regarding the activities EPA has
already initiated tc upgrade the state-of-the-art as reflected in the
regqulations and in SW-846. Second, to describe the direction EPA’Ss
program is taking with respect to testing and quality assurance
issues. Third, as a forum for discussion between Agency personnel and
representatives from public and private laboratories involved in waste
sampling and evaluation.
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COMPARISON OF TOX AND GC/MS DATA
FOR RCRA GROUNDWATER MONITORING WELL SAMPLES

Steven Pruskin, Leonard Voo, Robert Mason, and Daniel ILillian, U.S.
Environmental Protection Agency, Region II laboratory, Edison, New
Jersey

ABSTRACT

The method for the analysis of total organic halogen (TOX) was
developed as a means to trace the products of disinfection in
drinking water. It was intended to measure, collectively, compounds
such as trihalomethanes and halogenated ethanes. Briefly, the
method involves passing a measured amount of sample through a column
of activated carbon, followed by pyrolysis of the carbon and
analysis of the gases produced for total halogen (as chloride) by
microcoulometric titration. It has been shown to produce good
recoveries for spiked deionized water and for other simple, fairly
clean waters that are free of turbidity. This method is documented
as Method 9020 in SW-846 (Test Methods for Evaluating Solid Waste).

RCRA regulations require the monitoring of TOX as an indicator of
groundwater contamination at many hazardous waste management
facilities (40 CFR 265.92). Method 9020 is recommended as an
economical method for TOX analysis. Another way of measuring TOX is
to analyze samples for volatile and semivolatile organics by GC/MS
(SW-846 Methods 8240 and 8270) and calculating the sum of the
halogen contents (as chloride) of all compounds that are found.

Samples from RCRA groundwater monitoring wells are generally more
complex than the drinking water samples that were analyzed when
Method 9020 was initially evaluated. In the Region II laboratory we
have analyzed many groundwater samples by Method 9020 and by Methods
8240 and 8270. This report is a presentation of a preliminary
comparison of the results obtained by these two techniques.

BACKGROUND

Dressman, Stevens and co-workers in the Drinking Water Research
Division (DWRD) of the Municipal Environment Research Laboratory, US
Environmental Protection Agency (USEPA), Cincinnati, Ohio, have been
very active in the development of the analysis of Total Organic
Halogen (TOX) as a group parameter. They have thoroughly reviewed
the history of TOX.1 Briefly, they reported that the use of TOX
began in the early 1970s when Kuhn and Sontheimer? developed a
technique for the measurement of total organic chlorine (TOCl) in
activated carbon. Their objective was for this test to be used to
monitor the operation of activated carbon filters in water treatment
plants. These plants were purifying water from the Rhine River for
use as drinking water. A second use for the test was for comparison
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iodide, making the analysis applicable for TOX, not just for TOCl.
This was desirable since organobromides and iodides are also
indicators of water contamination.

The next major improvement was made by Takahashi and Moore.? They
packed GAC into a microcolumn, passed the sample through the column
to adsorb organics onto the GAC, passed a potassium nitrate solution
through the column to displace inorganic halides, combusted the
sample as described above, and analyzed by microcoulometric
titration. They streamlined the analysis step by passing the
combustion gases directly into the titration cell, rather tham into
a collection vessel from which an aliquot was taken and injected
into a separate microcoulometric titration cell.

At this point, the DWRD published USEPA Interim Method 450.1, Total
Organic Halides.® The same method was also published in SW-846 as
Method 90207. This is a method "to be used for the determination of

Total Organic Halides as Cl cee in drinking and ground
waters."0> Stevens and Dressman repor:ted1 that the first
commercial TOX analyzers were developed by the Dohrmann Division of
the Xertex Corporation under contract to the DWRD, and that
instruments based on Method 9020 were available from Dohrmann and
from Mitsubishi Chemical Industries Ltd.

Method 9020 was published shortly after the promulgation of a
regulation requiring many hazardous waste management facilities to
monitor the TOX in their groundwater.8 In order to monitor the
compliance of these facilities with this regulation, we, in the
USEPA Region II Laboratory, have analyzed many groundwater
monitoring well samples for TOX using Method 9020. Many of these
groundwater samples were also analyzed for volatile and extractable
organic compound by GC/MS using USEPA Methods 8240 and 8270
respectively.9 In this paper, we present a comparison of the
results obtained from the Method 9020 TOX analysis with the TOX that
would be expected on the basis of a summation of the halogen
concentrations in the halogenated organic compounds (as chloride)
that were found by GC/MS; this summation will be referred to as TOX
by GC/MS. This preliminary comparison 1is being made for 115 wells
at 16 sites for which both Method 9020 TOX and GC/MS analyses were
performed.

Previous Studies

Dressman and Stevensl0 reported a comparison of Purgeable Organic
Halogen (POX)1l results for spiked deionized water with those
obtained by analyzing the same samples for Total Trihalomethanes by
GC. They found that the two techniques agreed within 20% for POX

values of 40 ug Cl1 /L or more, but up to 80% differences were found
at levels below 40 ug Ci /L.



Williams, Coburn and Bancsil? compared the results obtained for
Method 9020 TOX analyses with TOX by GC/MS analyses of groundwater
samples at ten sites in Canada. At nine of these sites (in which a
total of 25 wells were analyzed) TOX values were 44 ug/L or less and
Method 8240 GC/MS analysis showed volatile organics at 6 ug/L or
less. No further analyses were made at these sites. Comparison of
the results for the Method 9020 TOX with the TOX by GC/MS from these
nine sites showed no correlation between the two sets of values.
The authors attributed the apparent lack of relationship to the low
values. At the tenth site, six wells were sampled and analyzed by
Method 9020 TOX, Volatile Organics by GC/MS (Method 8240) and
Extractable Organics by GC/MS (Method 8270). One well was
upgradient of the site (well U) and five were downgradient of the
site (well D1, D2, D3, D4, and D5). Well U had a method 9020 TOX
level of 11 ug/L and TOX by GC/MS of 12 ug/L. Well D3 had lower TOX
levels than well U by both methods. The four remaining wells all
had substantial levels of TOX by Method 9020 and volatiles by Method
8240. No halogenated compounds were found by Method 8270. In well
D4 they found 560 ug/L of TOX by Method 9020 and 849 ug/L of TOX by
GC/MS. They explained this 66% recovery by the TOX analyzer of
compounds identified by GC/MS as being in agreement with typical
recoveries of volatile organics (at concentrations greater than 200
ug/L) previously reported by Dressman and co-workers.13 (Dressman
and co-workersl0 1later reported that their 1low recoveries were
caused by the use of a heavily vitrified tube in their pyrolysis
system, and that when a fresh tube was used, nearly complete
recoveries were obtained). Wells D1 and D2 had Method 9020 TOX
values of 1235 ug/L and 1402 ug/L and TOX by GC/MS values of 559
ug/L and 504 ug/L respectively. In an attempt to account for the
difference, Williams and co-workers took the Method 8270 extracts
and solvent exchanged them into cyclohexane. These cyclohexane
extracts were then analyzed by TOX analyzer. This analysis found
947 ug/L of TOX in D1 and 396 ug/L of TOX in D2 from halogenated
compounds that had not been found by GC/MS. Once this is taken into
account, the Method 9020 TOX values agree fairly well with the TOX
value calculated for the GC/MS samples. Well D5 had a Method 9020
TOX of 122 ug/L and TOX by GC/MS of 56 ug/L. Cyclohexane extracts
of this sample were not analyzed because that method was not
sensitive enough to account for missing TOX at this low level. When
the data from all six wells was analyzed, the TOX values from Method
9020 and the value for TOX by GC/MS augmented by the cyclohexane
extract values agreed with each other with a correlation coefficient
of 80%2. The authors concluded that TOX is a useful technique for
screening groundwater for contaminants, and that further study was
needed to clarify the relationship between data generated by TOX and
GC/MS.

The intent of this study was to continue the work of Williams and
co-workers in evaluating a new method, Method 9020, by comparing the
results it produces with those obtained using an alternate, more



established procedure, GC/MS. We have added to the database and
confirmed the indication by Williams and co-workers that the data
are not direetly comparable. More work 1is clearly needed to
elucidate and quantify the differences.

METHOD

1. Samples were collected from groundwater monitoring wells at

sixteen hazardous waste management facilities throughout EPA
Region II. The region consists of New York, New Jersey, Puerto
Rico and the US Virgin Islands. Samples were collected by
members of the USEPA Region II Environmental Services Division,
Surveillance and Monitoring Branch. They followed procedures
listed in the RCRA Ground Water Monitoring Technical Enforcement
Guidance Document.l4 Samples were collected with bailers except
where the facility had some other type of sampling device
dedicated to their wells. Samples were then transferred from the
bailer to glass sample bottles. Separate bottles were filled for
each analysis (volatile organics, then TOX, then extractable
organics). All samples from a single well were collected within
a three hour period unlegs the well recharge rate was too slow,
in which case they were collected as rapidly as the well
allowed. Initially 1000 ml samples, enough for quadruplicate
analysis by Method 9020, were collected. It was found that as
congsecutive samples were decanted from the sample bottle, the
measured TOX increased dramatically. This was probably due to
organic halides adsorbed on sediment particles, which were more
prevalent lower in the bottle. More reproducible results were
obtained by using 150 ml sample bottles and only making one
determination from each bottle.

TOX was determined using USEPA Method 9020 via a Dohrmann DX-20
Total Halogen Analyzer. There are two parts to the analyzer,
Figure 1 1s a diagram of the microcolumn carbon adsorption
system, and Figure 2 shows the pyrolysis and microcoulometric
detection system. The method calls for a sample that is free of
undissolved solids because the solids will block the sample flow
at the top of the carbon column. Most of the groundwater samples
that were brought into the lab did not fit this criterion. To
avoid excessive loss of volatiles, sample manipulation was kept
to a minimum. To permit visible solids to settle, the sample was
allowed to sit in its closed container. Then the sample was
carefully decanted from the sample container into the adsorption
module's sample reservoir. Samples with solids that did not
settle after standing were diluted by pipetting an aliquot of the
sample into a volumetric flask with some water in it and diluting
to volume. This technique was also used for samples that were
expected to be high in TOX or in inorganic chloride. Method 9020
requires that duplicate runs agree within 15Z. We found that
this level of agreement could not be achieved for groundwater
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samples, so a less rigid standard of 40%7 difference was adopted.
In many cases where even this standard could not be achieved the
data was reported with a "J" qualifier to indicate that the value
was an estimate.

3. Analysis of Volatile Organic Compounds was performed by USEPA
Method 8240 using either a Finningan 3200 GC/MS system with a
Hewlett-Packard 7675A Purge and Trap sampler or a Finnigan 3300
GC/MS system with a Tekmar LSC-2 Purge and Trap sampler.

4. Determination of Extractable Organic Compounds was performed by
USEPA Method 8270 using a Finnigan 4000 GC/MS system.

5. All analyses reported in this study were performed at the USEPA
Region II Laboratory in Edison, New Jersey. These analyses were
performed between October 1984 and December 1986. The study
includes all wells from which data were reported for TOX (Method
9020), volatile organic compounds (Method 8240), and extractable
organic compounds (Method 8270). Although we are reporting all
of the Method 9020 TOX analyses which have accompanying GC/MS
(8240 and 8270) data, we are not reporting all Method 9020 TOX
analyses performed. Many analyses were not reported because they
were not accompanied by Method 8240 or Method 8270 analyses.
Table 1 shows the number of samples reported at each of the sites
in this study.

6. TOX by GC/MS values were calculated as follows. For each analyte
found by GC/MS, the concentration of the analyte was multiplied
by the weight fraction of halogen, as chloride, in that analyte.
The sum of these halogen concentrations was then calculated for
all analytes found in the sample. This sum is the TOX. Table 2
shows an example of this calculation for one of the sites that
was investigated.

RESULTS AND DISCUSSION

As shown in Table 1, the data fall into four categories; values
below the TOX detection limit for both Method 9020 TOX and TOX by
GC/MS analyses; values above the detection limit where Method 9020
TOX and TOX by GC/MS agree within a factor of two; samples with
Method 9020 TOX values greater than double the corresponding TOX by
GC/MS values and samples with TOX by GC/MS values greater than
double the corresponding Method 9020 TOX values. Table 1 also shows
the number of samples in each category for each site.

In dealing with the first category, samples below the detection
limit, it is essential to first decide what that detection 1limit
is. A limit of 10 ug/L is generally used in Method 9020 because
that was found in this laboratory to be three times the standard
deviation of a nitrate washed column blank pair. When samples have



Table 1

Number of Samples Number of Samples From Site in Category

Site £ From Site 1 11 11X 1v
1 11 1 4 6 0

2 6 0 4 2 0

3 4 1 1 2 0
4 3 0 2 0 1
5 7 0 0 7 0
6 7 ] 0 7 o

7 6 2 0 4 0

8 5 1 0 4 0

9 13 4 2 7 0
10 9 1 1 7 0
11 8 7 0 o 1
12 6 1 0 4 1
13 4 3 0 1 0
14 5 1 0 4 0
15 4 4 0 0 0
16 17 9 2 5 1
Totals 115 35 16 60 4

Category 1 Samples with Method 9020 TOX and TOX by GC/MS below detection limits.
Category 11 Samples with TOX by both methods agreeing within a factor of two.
Category I11 Samples with Method 9020 TOX more than double TOX by GC/MS.

Category IV Samples with Method 9020 TOX less tham half TOX by GC/MS.
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been diluted to reduce matrix effects that interfere with the
analysis, the detection limit must be adjusted for this dilution.
When the detection limit of 10 ug/L is used, 12 of the 115 samples
fall into the first category. However, since the summation of
detection limits for TOX by GC/MS is greater than 10 ug/L, we have
raised the detection limit for this study, arbitrarily, to 25 ug/L.
This puts a total of 35 samples into category one.

The second category 1is where we would hope to find most of the
data. This turns out not to be the case. When the criterion for
agreement is arbitrarily set at a factor of two

TOX by GC/MS ‘
i.e. 0.5 £ Method 9020 TOX — 2

it found to contain only sixteen samples.

Category three, where the Method 9020 TOX wvalue is greater than
double the TOX by GC/MS results, contains most of the data. This
category contains 60 of the 115 samples. Of these 60 samples, 36
had TOX by GC/MS results below 25 ug/L and Method 9020 TOX results
above 100 ug/L. There are a number of things that can cause Method
9020 TOX values to be higher than TOX by GC/MS values for a given
sample. Some of the most likely causes are:

1. High levels of inorganic chloride in the sample. At least
15 category three samples are from areas where saltwater
intrusion into the groundwater is a strong possibility. The
potassium nitrate wash can only remove chloride effectively
if the inoréanic to organic chloride ratio is 1less than
20,000 to 1.

2. High 1levels of inorganic sulfides in the sample. Six
category three samples had a strong hydrogen sulfide odor.
When they were analyzed the silver electrodes in the
titration cell turned black.

3. Chlorinated organic compounds not readily detected by
GC/MS. Highly polar compounds are not readily purged or
extracted from water. Other compounds may not pass through
the GC column. These and other compounds should be seen by
TOX more readily than by GC/MS.

4, Organic compounds below the GC/MS detection limit. If all
of the halogenated organic compounds that are targeted by
Methods 8240 and 8270 were present just below their nominal
detection limits of 1 to 20 ug/L, the TOX by GC/MS would be
about 200ug CL™/L. A combination of target and non-target
compounds below the detection 1limit could <cause a
substantial TOX with no associated GC/MS observations.
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5. Halogenated organics adsorbed onto fine particles suspended
in the solution. These compounds will not be purged or
extracted efficiently for GC/MS analysis, but they will pack
at the top of the carbon column and be combusted in the TOX
analyzer.

6. Contamination of the carbon columns through contact with
inorganic chlorine after the unitrate washing step.

7. Contamination of the activated carbon by halogenated organic
compounds as vapors during columm preparationm.

8. Other sources of laboratory or field contamination such as
contaminated sample containers, dilution water or uaitrate
wash solution.

Ouly four of the 115 samples fall in category four, where Method
9020 TOX values are less than half of the corresponding GC/MS
values. TOX is often used as a screening mechanism to ideatify
contaminated wells. When viewed this way, category three samples
could be considered as false positives and category four samples as
false negatives. False positives are must less serious than false
negative because a positive result will generally be followed by
additional, more rigorous analyses. A false negative result could
lead to concluding that a hazardous situatlon is non-hazardous. A
closer look at the four samples in category four shows that they
would not give false negative results. One sample had over 40,000
ug/L of Method 9020 TOX and over 100,000 ug/L of TOX by GC/MS. This
well would certainly receive further atteantion. The second and
third samples in category four were both collected during the same
sampling trip and the only compound found by GC/MS was methylene
chloride in both samples. The latter sample was labelled as a trip
blank. This indicates that the results for these samples are due to
contamination of the sample containers. (This may also explain the
five category three samples from these sites.) The explanation of
the fourth category four sample is unot as clear as for the other
two. The most 1likely explanation is that the 58 ug/L of
tetrachloroethylene found by GC/MS was introduced into the sample
through coutamination; another sample from the same site contained
210,000 ug/L of tetrachloroethylene.

CONCLUSION

Comparison of Method 9020 TOX values with calculated TOX by GC/MS
values for 115 samples from 16 sites shows that Method 9020 results
do not agree with the level of halogenated organic compounds that
are found by GC/MS. Most of the samples analyzed were found to have
higher TOX levels by Method 9020 than by GC/MS. The work of
Williams and co-workersl? suggests that Method 9020 was detecting
halogenated compounds that were not found by GC/MS at the site that
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Table 2

TOX calculated from GC/MS Data for Site

Three

Sample 1 Sample 2 Sample 3 Sample 4
Compound %Cl conc ug/L conc ug/L conc ug/L conc ug/L
Determined by GC/MS meas TOX meas TOX meas TOX meas TOX
1,1,1-Trichloroethane 80 U U 2 1.6 U U 2 1.6
Chlorobenzene 31 U U 2 D.6 3 0.9 U [§]
t-1,2-Dichloroethene 73 U U U U 5 3.7 U U
Dichloromethane 83 24 20 U U 4 3.3 21 17
Trichloroethene 81 U U U U 2 1.6 U U
1,3-Dichlorobenzene 48 U U 2 1.0 U U U U
TOX by GC/MS 20 3.2 9.5 18.6
TOX by Method 902023 92 J 264 157 J 24
meas. — measured by GC/MS.
TOX - calculated from concentration measured by GC/MS.

U - undetected

a. The differences between Method 9020 TOX values and TOX by GC/MS are

discussed in the body of this paper.

b. If there had been any brominated compounds in this table, they would

have been calculated using the atomic weight of chloride.
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they investigated. Our work indicates that the observation of
higher values for Method 9020 TOX than for TOX by GC/MS is common
for groundwater samples. It 1is reasonable to assume that the
differences between the two would be attributable to the nonvolatile
TOX increment observed by Williams and co-workers.

The next step in the evaluation of Method 9020 as a technique for
ground water monitoring is to find the major causes of the "false
positives.” Halogenated organic compounds that are missed by GC/MS
should be identified. It is also necessary to determine what the
effect of sediments is on Method 9020 TOX results. The filtering of
samples must be examined as a sample treatment option. Once these
investigations have been performed it will be possible to perform a
more thorough analysis of Method 9020.
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NONVOLATILE ORGANICS AS PROBES FOR CONTAMINATED GROUND WATER PLUMES FROM
HAZARDOUS WASTE MANAGEMENT FACILITIES

Robert, D. Stephens, California Department of Health Services, Hazardous
Materials Laboratory, Berkeley, California; Nancy B. Ball, Thomas S.
Fisher, Raimund Roehl, and William M. Draper, California Public Health
Foundation, Berkeley, California

ABSTRACT

Characterization of ground water quality in the vicinity of hazardous waste
disposal facilities is essential in defining site integrity and delineating
plume migration. Ground water contamination by organic compounds at such
facilities is typically indexed by analysis of volatiles or semi-volatiles,
because these parameters can be determined using established EPA analytical
protocols.

Ideal probes for these purposes, however, are substances which are: 1)
unique constituents of disposed wastes; 2) persistent; 3) nonvolatile; and
4) highly mobile or conservative in ground water. Accordingly, certain
non-conventional pollutants may well provide more suitable and accurate
tracers than the current target analytes. This report describes studies on
the identification and quantification of one such non-conventional
pollutant, p-chlorbenzenesulfonic acid (PCBSA), in the BRK landfill ground
water plume.

Ground water adjacent to the BKK Landfill, a major hazardous waste disposal
site in southern California, was found to contain TOX above 200 mg/L, with
less than 4% of the organic halogen accounted for Subsequent analysis of
the ground water samples by liquid chromatography/mass spectrometry and by
ion chromotography with conductivity and UV absorbance detectors revealed a
plume of PCBSA that accounted for approximately half of the observed TOX.
PCBSA, which occurs as an anion above pH 0.5, was associated with DDT
manufacturing wastes disposed at the site for many years.

In a further application, PCBSA determinations were instrumental in
resolving the contested mechanism of ground water contamination by volatile
priority pollutants (e.g., TCE, vinyl chloride). Ground water contamination
by these volatile compounds could occur by at least two distinct mechanisms
including: 1) direct leaching of the waste prism during infiltration of
surface water; 2) dissolution of gaseous components from landfill gas
contracting ground water. Engineering controls currently in use at the site
focus on landfill gas extraction based on the assumption that the latter
mechanism predominates. The occurence of PCBSA in the plume provides
unequivocal evidence that leaching of waste prism does contribute to ground
water contamination.
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GAS CHROMATOGRAPHY MATRIX ISOLATION FOURIER TRANSFORM
INFRARED (GC/MI-IR) SPECTROSCOPY FOR MONITORING
AIR POLLUTANTS

Billy J. Fairless, Thomas T. Holloway, Harry E. Kimball, Richard w.
Tripp, Jody L. Hudson, U.S. Environmental Protection Agency, Kansas
City, Kansas

ABSTRACT

Procedures will be described for collecting and analyzing ambient
air samples on solid adsorbents and in stainless steel canisters
from the vicinity of a suspected source of air pollution. Variables
involving design of the sampling network, collection of
representative samples, sample analyses by GC/MI-IR and other
methods, estimations of data quality and the significance of the
results will be presented. Infra-red spectra from low nanogram high
picogram quantities of matrix isolated pollutants will be shown and
related to vapor phase spectra.

INTRODUCTION

Analytical procedures to monitor for the toxic or non-criteria
pollutants in ambient air have not been studied nearly as much a

have the procedures to monitor for the six criteria pollutants.

However, some non-criteria pollutants present in the air are toxic
or carcinogenic or both. The media have become more active in
recent years in reporting air spills, which is one of the causes of
a greater public awareness of both existing and potential air toxic
problems. One result of this increasing public awareness in Title
IIT of the Superfund Amendments and Reauthorization Act (SARA) of
1986, which requires the Environmental Protection Agency to develop
a more comprehensive air toxics program.

One of the reasons that more work has not been done on air toxics is
that procedures to collect and analyze samples for the extremely low
concentrations required have not been available. Another reason is
that criteria for evaluating the significance of the concentrations
found in the air are also usually available. Any procedure used to
monitor ambient air for a toxic material must be specific for that
material must be sufficiently sensitive to accurately measure the
low concentrations of interest, and must generate data that can be
related to the applicable toxicity criteria.

Several kinds of proceduges are currently used to monitor for
selected toxic pollutants. These procedures generally utilize
bubblers, solid sorbents, or whole air collection devices. Most of
these have one or more deficiencies. Bubblers can be adapted to a
wide range of compounds, but they are difficult to use in the field,
and therefore; expensive when labor is included in the cost. They
also usually have higher detection limits than competing methods.
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Solid adsorbents require an extensive amount of work to ensure that
the compounds of interest are adsorbed quantitatively, do not break
through under field conditions and then can be desorbed in the
laboratory in a reproducible manner. Many of these procedures are
also less rugged than desired. Grab samples collected in fixed-
volume vacuum containers, or variable volume containers, do not
always allow the collection of sufficient sample to measure the low
concentrations of interest.

We have developed a series of ambient air monitoring procedures and
have completed several studies using polyurethane (PUF) and
stainless steel spheres for sample collection with gas
chromatography and matrix isoclated infrared spectroscopy (GC/MI-IR)
for sample analyses. These procedures complement existing
procedures described above and appear to be superior to those
procedures in some respects. We believe this is the first instance
in which GC/MI-IR has been used as a primary analytical tool in a
major ambient air study. Based on our experiences there will be
many such studies in the future.

PROCEDURES

The monitoring network is designed to provide sufficient data to
meet a specific objective. Usually the objective is to determine
whether or not the average concentration of a given pollutant at a
specific site is above an acute or chronic criteria value, or
whether or not the average downwind concentration of a given
pollutant is higher than the average upwind concentration at a
reasonable confidence level. The procedures we are currently using
to determine the number of samples we need to collect ag each
monitoring location in the network have been described before. The
most common result is that between seven and fourteen samples are
needed from each sampling location in the network. This means that
a relatively 1large number of samples are required to satisfy the
network completeness criteria. Therefore, selection of an
analytical method with a correspondingly high sample volume
capability is also required. Once the data are collected, it is
important to review all assumptions made during design of the
network to be sure the valid data actually collected are
sufficiently complete to meet the study objective. Figure 1 is an
illustration of the general approach for selecting the number of
samples to be collected at each monitor location in the network.

The procedures we use to collect semi-volatile materials have been
described by Lewis and Jackson. Our experience has primarily been
with the dioxins and with the polychlorinated biphenyl congeners or
PCB's. A large volume of air (350 cubic meters per day) is drawn
through a particulate filter and a polyurethane foam plug. The
exposed filter and plug are extracted together in a soxhlet. The
extract is cleaned using conventional chemistry and analyzed by gas
chromatography, gas chromatography-mass spectroscopy and/or by
GC/MI-IR as described below.
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The procedures we use to site a sampler are those described for
locating a Hi-Vol sampler when it is be}ng used to monitor for total
suspended particulates in the air. Therefore, samples are
collected in the breathing zone, away from physical structures, and
are intended to be representative of ambient air.

For volatile pollutants, battery-operated diaphragm pumps are used
to meter ambient air into clean 6-li§er stainless steel spheres to a
pressure of approximately 2 atm. The spheres are cleaned by
evacuating with a vacuum pump, filling with clean air and evacuating
again. They can be heated during the cleaning process, but this has
not been necessary to date based on the analyses of field blanks.
Although the battery packs are capable of operating the pumps for
periods of more than 24 hours, our studies to date have been limited
to 8 hours so the data could be more directly related to the
applicable criteria. Figure 2 is a schematic diagram of the
canister sampling apparatus.

For sample analyses, 1,000 milliliter aliquots are taken from each
canister at a sampling rate of_ 50 ml/min. with a mass flow
controller and metal bellows pump. The sample is transferred to a
manifold which is open to the atmosphere to insure atmospheric
pressure. A 500 ml subsample is simultaneously withdrawn from the
manifold at a rate of approximately 25 ml/min. and passed through a
dryer to a cold trap which is filled with glass beads and maintained
at a temperature of minus 150 degrees centigrade. Once the sample
is collected in the cold trap, the gas chromatograph carrier gas
(0.6% Argon in Helium) is directed through the cold trap and the
cold trap is then quickly (about 30 seconds) heated to 150 C°. This
transfers the sample to the capillary column of a Mattson GC/MI-IR
Cryolect analytical system. Any stable column that separates the
compounds of interest at a flow of less than 3 ml/min. may be used.
We usually see a 30M X 0.32 mm dimethylpolysiloxane column with a 1
um film thickness. The column temperature is maintained at 5 C° for
10 minutes, raised to 80 C° at a rate of 5 C°/min. and then raised
to 160 C° at a rate of 10 C°/min. A splitter at the end of the
column directs approximately 20% of the effluent to a flame
ionization detector and the remaining 80% to the Cryolect where the
pollutants are, trapped in crystalline argon at approximately 13
Kelvin degrees. Once an entire chromatograph has been trapped on
the rotating Cryolect gold-plated cylinder, the cylinder is
positioned (via computer) to place each significant peak into the
infra-red beam for collection of the infra-red spectra. We
typically average 32 spectra per compound at a resolution of 4
reciprocal centimeters. These conditions are sufficient to give a
high-quality spectra for approximately one nanogram of each
component injected into the chromatograph. However, in extreme
cases we have averaged over 10,000 spectra which improves the
sensitivity to picogram levels. Figure 3 shows a schematic diagram
of the analytical process.
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RESULTS

Figure 4 shows the first 25 minutes of a typical gas chromatogram of
volatile compounds from an ambient air sample that was collected in
stainless steel canisters downwind of a chemical plant that
manufactures chlorinated hydrocarbons. Figures 5-7 show three of
the resulting infra-red spectra from the ambient samples and
compares them to the respective library spectra. As can be seen,
the sample spectra match the 1library spectra. They have good
resolution and document the excellent sensitivity that is
characteristic of the GC/MI-IR method. Figures 8-13 show spectra of
three compounds that are of inferior quality, but which are still
considered to be good enough to support a tentative identification
in each case. These spectra are shown to illustrate one of the
deficiencies still remaining in our procedure for volatile organic
compounds. So far, we have been unable to remcve all water vapor
from the sample without losing some of the compounds of interest.
This necessitates a spectral subtraction of the relatively high
background and results in lower quality spectra for some compounds
at concentrations where we would otherwise expect to obtain higher
quality spectra. These spectra also illustrate the practical
detection 1limit wusing a one-liter sample from a stainless steel
canister and a GC/MI-IR analytical method. OQuantitative values are
obtained by comparing the FID response to a calibration curve
obtained by putting calibration standards through the entire
analytical process.

Since the library of argon matrix isolated infrared spectra is very
limited, we have attempted to compare spectra resulting from field
samples with vapor phase library spectra. The results usually
provide either an obviously unreasonable match or what appears to be
a correct identification of the unknown. Figure 14 is one such
example which compares to vapor phase spectra from the library with
an argon matrix spectra from an ambient air sample.

In addition to collecting a whole air sample in a sphere at each
site, a duplicate TENAX sample is also frequently collected. We
collect TENAX samples both to obtain lower detection limits for some
compounds and as a method that compliments GC/MI-IR. The TENAX
samples are thermally desorbed and analyzed by packed column gas
chromatography and low resolution mass spectroscopy. Table 1 shows
a summary of those compounds identified by each technique for the
study described above.

Figure 15 shows the GC/MI-IR chromatogram for Archlors 1221, 1016
and 1254, Figures 16-~19 show infra-red spectra for two of the many
congeners (biphenyl and 2-chlorobiphenyl) at different
concentrations. Again, the resolution is good and the sensitivity
is much better than that of other infra-red procedures. Figures 20
and 21 are comparisons of the linearity of the responses between the
flame ionization and infra-red detectors for two of the chlorinated
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biphenyls. As can be seen, the linear range of the flame ionization
detector is much larger than that of the infra-red detector for both
compounds. Not obvious from those figures is the fact that the
infra-red detector is more sensitive than the flame ionization
detector for these and other polychlorinated biphenyl compounds we
have analyzed. Figure 22 demonstrates that the GC/MI-IR absorption
versus concentration curve is linear when less than 100 nanograms
are injected into the instrument.

Brasch has demonstrated the utility of electronically subtracting
GC/MI-IR library spectra from the spectra obtained from unresolved
chromatograph peaks and then matching tge remaining or "difference"
spectrum to a known library spectrum. The technique was used to
obtain a positive identification of each of the tetrachlorinated
dibenzofuran isomers which could not be resolved by capillary gas
chromatography. We have used a similar technique to obtain a
tentative identification of a compound where no sample or library
spectrum was available and a positive identification could not be
made from GC/MS data. Figures 23 and 24 show the library spectra of
dimethyl sulfate and of diethy/sulfate. Figure 25 shows a gas
chromatogram of an environmental sample. Figure 26 shows the
spectrum of an unknown compound (largest peak in the chromatogram)
from that sample. Figure 27 is a spectrum formed by electronically
summing the spectra of dimethyl and diethylsulfate. The facts that
the retention time of the unknown was between that of dimethyl and
diethyl sulfate, the GC/MS appeared consistent and the similarity of
the IR spectra shown in FIgures 26 and 27 was the basis of our
conclusion that the unknown compound was methylethylsulfate.

Figures 28 and 29 show the infra-red spectra of carbon-13 labeled
and natural 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8~TCDD). The
matrix isolated spectra of all 22 Carbon 12 tetrachlorinated
dibenzodioxing were obtained by Brasch and have been reported by
Gurka et. al. However, the authors did not report detection
limits. We are specifically interested in whether or not GC/MI-IR
is sufficiently sensitive to measure concentrations of dioxin in
ambient air in the one to five picogram per cubic meter range which
we find occasionally in ambient ai samples from the vicinity of
superfund site c¢lean-up operations. Figure 30 shows an infra-red
spectra of one of the less toxic dioxin congeners from approximately
150 picograms of material injected into the gas chromatograph.
Since we have demonstrated that at least 1,000 cubic meters of air
can be reliaply sampled using polyurethane in a PUF sampler without
breakthrough,” it appeared that a total method detection 1limit of
0.1-0.2 picograms per cubic meter was a feasible target. Therefore,
a polyurethane foam plug was spiked with 2,3,7,8-
tetrachlorodibenzodioxin (2,3,7,8-TCDD) and 320 cubic meters dioxin-
free urban air were drawn through the plug. The foam plug was
extracted and the extract was divided in half to evaluate different
clean-up procedures. One micoliter (approximately 4 nanograms) of
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the extract was injected into the instrument. Figure 31 is the
resulting infrared spectrum. It is clearly of sufficient quality to
support a qualitative and quantitative analysis of that particular
dioxin isomer.

CONCLUSION

It is apparent that the GC/MI-IR analytical procedure, when used as
described above, will provide reliable gqualitative and quantitative
information for many of the toxic pollutants in ambient air.
Collection of samples in stainless steel spheres and GC/MI-IR
analytical procedures provide several advantages over other
available procedures. Probably the most important advantage is
greater isomer specificity at much lower concentrations than is
available using other procedures. Another major advantage is the
additional confirmation of tentative identifications made by other
(GC/MS) techniques. There are, however, also many areas needing
improvement, Among these are the ability to eliminate the
interference from water vapor, improvements in software to improve
sample analysis times, and the development of a larger library of
matrix isolated spectra. It is the author's opinion that these
deficiencies will all be relatively easily solved with time, and
that the GC/MI-IR procedure will become another powerful tool for
environmental monitoring.
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FIGURES

Figure 1 - Graph of the probability that the mean of a given number
of measured concentrations will be different from the true mean at
the 95% confidence level. Typical curves for different kinds of
data are shown and assume a normal distribution.

Figure 2 -~ Schematic diagram of the apparatus used to collect
ambient air samples in stainless steel canisters.

Figure 3 - Schematic diagram of the apparatus used to transfer a
measured volume of air from a stainless steel canister intoc the
GC/MI-IR.

Figure 4 - Gas chromatogram from the GC/MI-IR of an ambient air
sample collected downwind from a plant that synthesizes chlorinated
hydrocarbons.

Figure 5 - Argon matrix isolated infrared spectrum of approximately
630 ng of methylene chloride from an ambient air sample relative to
the library spectrum.

Figure 6 - Matrix isolated spectrum of approximately 650 nanograms
of chloroform from an ambient air sample.

Figure 7 - Matrix isolated spectrum of approximately 400 nanograms
of carbon tetrachloride from an ambient air sample.

Figure 8 - Matrix isolated infrared spectrum of 29 nanograms of 1,2-
dichloroethane from an ambient air sample. The noise is caused by
water vapor.

Figure 9 - Comparison of the infrared spectrum of 1,2-dichloroethane
from an ambient air sample with the library spectrum.

Figure 10 - 1Infrared spectrum from a compound believed to be
chloroethane in an ambient air sample.

Figure 11 - Comparison of the infrared spectrum of chloroethane
found in an ambient air sample with the library spectrum.

Figure 12 - Infrared spectrum of 1,1,l-trichloroethane found in an
ambient air sample.

Figure 13 - Comparison of the infrared spectrum of 1,1,1-

trichlorethane found in an ambient air sample to the library
spectrum.
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Figure 14 -~ Comparison of the matrix isolated infrared spectrum of
tetrachloroethylene found in an ambient air sample with a vapor
phase spectrum from the library. Note the better resolution of the
matrix isolated spectrum resulting from 1less translational and
rotational broadening of the vibrational modes.

Figure 15 =~ Gas chromatograms from the GC/MI-IR of three aroclor
mixtures. Those peaks caused by the commercially available
polychlorinated biphenyl congeners have been identified using the
GC/MI-IR library search routines. Work is in progress to obtain
spectra of all 209 congeners.

Figure 16 - No legend.

Figure 17 -~ No legend.

Figure 18 - No legend.

Figure 19 - No legend.

Figure 20 Graph showing the responses of both the flame ionization
(FID) and infrared detectors on the GC/MI-IR as a function of the
amount of H-chlorobiphenyl injected into the instrument. Note that
the infrared detector becomes nonlinear at approximately 150
nanograms.

Figure 21 - Graph showing the responses of both the FID and IR
detectors as a function of the amount of 2-chlorobiphenyl injected
into the GC/MI-IR.

Figure 22 - Graph showing that the infrared detector is 1linear with
concentration at low concentrations. The infrared detector is more
sensitive to those polychlorinated biphenyl congeners we have
analyzed than the FID detector on the GC/MI-IR. However, the IR
detector is less sensitive for the PCB congeners than it is for most
other compounds we have run.

Figure 23 ~ No legend.

Figure 24 - No legend.

Figure 25 ~ No legend.

Figure 26 - No legend.

Figure 27 ~ No legend.

Figure 28 - An infrared spectrum of carbon-13 labeled 2,3,7,0-

tetrachlorodibenzodioxin (2,3,7,8-TCDD). There are no peaks above
2,000 reciprocal centimeters.
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Figure 29 - Infrared spectrum of 2,3,7,8-TCDD. There are no peaks
above 2,000 reciprocal centimeters.

Figure 30 - A comparison of the spectrum obtained from 156 picograms
of 2,3,7,8-TCDD with the library spectrum.

Figure 31 - An infrared spectrum of 2,3,7,8-TCDD from a PUF sampler.

Approximately 350 cubic meters of urban air were drawn through the
PUF prior to extraction, cleanup and analyses.
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EVALUATION OF THE FLUX CHAMBER METHOD FOR MEASURING
ATR EMISSIONS OF VOLATILE ORGANIC COMPOUNDS
FROM SURFACE IMPOUNDMENTS

Alex R. Gholson, John R. Albritton, R. K. M. Jayanty, Center for
Environmental Measurements, Research Triangle Institute, Research
Triangle Park, North Carolina; Joseph E. Knoll, M. R. Midgett,
Environmental Monitoring Systems Laboratory, U.S. Environmental
Protection Agency, Research Triangle Park, North Carolina

ABSTRACT

Enclosure methods have been used to measure air emissions of a
variety of compounds from soils, water, sediments, and 1living
organisms. A flux chamber method, which employs the enclosure
method, recently has been used to measure organic air emissions from
hazardous waste treatment, storage, and disposal facilities. Using
a simulated surface impoundment facility (SIS), this flux chamber
method was evaluated. The liquid surface of the SIS was enclosed so
that the total emission rate from a 1liquid surface could be
determined experimentally. Fmission measurements using the flux
chamber method made at several points on the surface were compared
with the emission rate measured for the total surface inside the
enclosure. Both the accuracy and precision of the flux chamber
method were predicted from these measurements. The influence of
sweep flowrate, emission rate, and different organic compounds on
precision and accuracy were investigated.

The results of this study show that a consistent negative bias
exists for all the flux chamber measurements. This bias became
significantly more negative at a low sweep flowrate (2 L/min). The
bias also was found to be compound dependent. Precision was less
than 5 percent under all conditions for the single component studies
and between 6 and 13 percent for the three component study.

INTRODUCTION

The U.S. Environmental Protection Agency (USEPA) has been instructed
to set air emission standards for hazardous waste treatment,
storage, and disposal facilities (TSDF) by the 1984 Resource
Conservation and Recovery Act amendments. In order to determine the
potential health and environmental effects of these air emlssioms,
methods to measure or predict them are required. The flux chamber
method has been developed and is belng used to measure air emission
from TSDF to provide a data base for regulatory decisionmaking and
to validate proposed models used to predict air enissionsls 2,3,
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In an attempt to define the quality of the data being produced by
the flux chamber method, this study was made to determine the
accuracy and precision of the flux chamber method for use on surface
impoundment facilities. The influence of the experimental parameter
of sweep flowrate and the environmental parameters of emission rate
and volatile organic composition on accuracy and precision was
investigated.

EXPERIMENTAL METHODS

The flux chamber design used for this evaluation was developed for
the USEPA by Radian Corporation.5 It consists of a stainless steel
cylinder with an enclosure area of 0.13 m2. The top is enclosed
with a clear acrylic dome fitted with ports for sweep flow inlet,
sample outlet, temperature probes, and a gas exit. The volume of
the enclosure with a 1 in. insertion depth is approximately 30 I.

The design for the surface impoundment simulator (SIS) 1is shown in
Figure 1. The surface area of the liquid is 1.86 m3 with an average
depth of 0.46 m. The surface is enclosed in a shell covered with
Teflon with one end opened and the other end attached to the inlet
of a blower. Sampling ports are provided for two flux chambers,
flow monitoring, and sampling the air before the blower.

The volatile organic compounds (VOC) measured for this study were
1,1,1-trichloroethane for single component studies and a mixture of
1,1,1-trichloroethane, toluene, and 2-butanone for the three
component study. The organic components were added to the bottom of
the tank. The density of the compounds or mixtures was always
greater than 1.0 g/mlL to prevent forming an organic layer on the
surface. Two immersion heaters were located just above the organic
layer to control the tank temperature and increase the coavective
mixing inside the tank. A pump was used periodically to 1increase
the aqueous concentrations of the organic components.

All analyses were performed using a gas chromatograph (GC) with a
flame 1ionization detector (FID). Flux chamber samples were
collected in a syringe and injected into a gas sampling valve with a
2-mL loop. SIS alr samples were collected in syringes or aluminum
gas cylinders and preconcentrated on Tenax that was thermally
desorbed. SIS water samples were collected in glass vials with no
headspace and analyzed by syringe injection.

RESULTS

Single Component Study

Accuracy and precision of the flux chamber method were calculated
from a serles of colocated flux chamber measurements made iaside
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the SIS coantalning a single VOC, 1,1,1-trichloroethane. A series of
nine initial emission measurements were made under similar emission
conditions and the same flux chamber conditions., The sweep flowrate
was set at the 5 L/min recommended by Radian's study. Table 1 shows
the variance found between each duplicate measurement. The
coefficient of variance (CV) was less than 5 percent for all the
measurements except for two. Using a pooled standard deviation, the
precision was predicted from these data to be 3.0 percent. This
value was chosen to be the control condition precision.

Colocated measurements, conducted at night, were made at an emission
rate approximately omne tenth of the control condition measurements.
Table II compares the precision calculated for these coanditions with
the earlier conditions. No change in the precision was found for
the low emission rate conditions. The variance found at night was
half that found for the control conditions. The improved precision
at night could be due to an effect of sunlight oa the performance of
the flux chamber or the effect of the sunlight on the real emission
rate. Emission rates made in full sunlight were found to be highly
variable both from flux chamber measurements and SIS measurements.
All wmeasurements reported here were made in the shade or on overcast
days.

The precision and accuracy of the method also were determined at a
sweep flowrate of 2 L/min and 10 L/min. Table II shows the results
for three colocated tests at each flowrate. A decrease in the
precision value (improved precision) was found at the higher
flowrate, and a slight 1iancrease in the precision value (poorer
precision) was found for the lower flowrate. These results indicate
that precision is improved by increasing the sweep flowrate possibly
due to improved mixing at the higher flowrate.

The average emission rate calculated from a colocated flux chamber
study was compared with the average emission rate calculated before
and after from the total SIS measurement to predict the accuracy of
the method. Table III lists the average percent bias found between
the flux chamber and SIS values for the control conditions and the
other flux chamber conditions studied. The bias was consistently
negative (the flux chamber values lower than the SIS values). The
average bias values were not significantly different within the 90
percent confidence 1limit (CL) for all the measurements except the
low sweep flow study, which had a siguificantly more negative bias.
This suggests that the accuracy of the method decreases at the lower
sweep flowrate.

Three Component Study

The precision and accuracy study was repeated with three VOC in the
tank. These 1included 1,1,1-trichloroethane, 2-butanone, and
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TABLE I. FLUX CHAMBER PRECISION AT 5 L/MIN FOR
SINGLE COMPONENT SOURCE

Average
Average Surface emission
Sample surface liquid rate,
number temperature concentration (g/min/m2) % CV
1 23 130 14,300 2,1
2 23 130 12,100 0.14
3 22 130 13,200 1.5
4 21 16.2 9,730 4.6
5 21 16.2 9,750 6.0
6 23 16.2 8,910 0.46
7 23 93.6 7,470 4.8
8 24 83.6 7,350 11
9 24 93.6 7,350 4.8
CV = Coefficient of variance.
TABLE II. RESULTS OF FLUX CHAMBER PRECISION
STUDY FOR SINGLE COMPONENT
Variable parameter Number of replicates Precisiond
Control 9 3.0
Low emission rate 3 2.9
Nighttime 3 1.5
2 L/min sweep flow 3 4.1
10 L/min sweep flow 3 1.4

J (X1-X2)2
4Precision = 2n
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toluene. Comparing the results of nine colocated duplicate flux
chamber measurements with the control of the single component study
reveals several apparent differences. Table IV shows the precision
estimated for each compound. The values are greater than for the
single component control and vary by almost a factor of two between
themselves. The increased variance may be due to the large
difference in emission rates belng pooled.

The accuracy of the three componeat results showed similar
differences when compared with the single component study. Table V
shows the results of blas calculations between the flux chamber and
the SIS emission results. Three sigunificantly different average
blas values were found, and each one except toluene varied
significantly from the single component results. 0f special
interest is that 1,1,1-trichloroethane in the mixture had an average
bias of less than one-half of 1,1,1-trichloroethane in the single
component mixture. The total emission measurement bias showed no
significant difference from the single component results.

CONCLUSIONS

The results of the precision and accuracy study indicate that
precigse emission measurements can be made using the flux chamber
method. The consistent negative blas found indicates that the flux
chamber method may underestimate the emission rate from a surface
impoundment. Either the flux chamber depresses the emission rate
over the area it covers or the total emission rate may not be
equally distributed over the surface with higher emission at the
sides.

0f the experimental parameters investigated, ounly daylight and sweep
flowrate was found to affect the accuracy or precision
significantly. Results suggest that sunlight may affect the
variance between two colocated flux chambers and lower sweep flow
rate (2 L/min) 1increases the variance between measurement and
increases the bias. Both precision and accuracy appear to be
compound dependent and are dependent on the matrix.

Studies are recommended to determine the effect of solar intensity
oa both the emission rate and the flux chamber method, the cause of
the compound dependency of the flux chamber accuracy, and the reason
for the consistent negative bias found in the results. Plans for
determining the flux chamber precision in the fleld currently are
being made.
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TABLE III. RESULTS OF FLUX CHAMBER ACCURACY
STUDY FOR SINGLE COMPONENT

Number of Average bias,
Variable parameter replicates 4 + 90% CL
Control 9 -45.1 + 6.4
Low emission rate 3 -67.1 + 16.6
2 L/min sweep flow 3 -81.5 + 9.6
10 L/min sweep flow 3 -49.3 + 8.3
Nighttime 3 -57.2 + 21.3

CL = Confidence limit

TABLE IV. RESULTS OF PRECISION STUDY FOR THREE COMPONENT MIXTURE

Number of Range of

duplicate emission Precision,
Compound measurements rates %
2-Butanone 9 11,000 42,000 6.7
1,1,1-Trichloroethane 9 46,000 100,000 10.6
Toluene 9 5,100 14,000 13.1
Total 9 65,000 160,000 8.6

TABLE V. RESULTS OF ACCURACY STUDY FOR THREE COMPONENT MIXTURE

Number of Average bias,
Compound measurements Z + 90% CL
2-Butanone 9 -68.1 + 3.1
1,1,1-Trichloroethane 9 -21.0 + 4.0
Toluene 9 -38.2 + 4.4
Total 9 -40.7 + 3.3

CL = Confidence limit
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FIELD EVALUATION OF THREE METHODS OF SOIL-GAS
MEASUREMENT FOR DELINEATION OF GROUND WATER CONTAMINATION

Henry B. Kerfoot, Lockheed Engineering and Management Services
Company, Inc., Las Vegas, Nevada

ABSTRACT

Three techniques for analysis of soil gases for detection and
delineation of ground-water contamination by volatile organic
compounds were evaluated above two distinct VOC ground-water plumes
(chloroform and benzene/chlorobenzene) in Henderson, Nevada. The
objectives of the studies were to evaluate the correlation of
results with the results of ground-water analyses and to assess the
variability among results from locations separated by short
distances. A driven probe was used to obtain grab samples for
on-site analysis by field gas chromatography, the PETREX SST-Py /MS
passive charcoal sampling/remote analysis system was evaluated, and
the Lockheed passive-—sampling system (LPSS) using industrial-hygiene
charcoal passive samplers and remote analysis was tested. Results
from the grab-sample/on-site analysis technique and the LPSS method
showed good correlation with ground-water concentrations above the
chloroform plume. Results from the PETREX SST-Py/MS technique did
not correlate with chloroform concentrations. The short-range
(6-foot) precision of the grab—sampling/on-site analysis method was
characterized by relative standard deviations of 12 to 40 percent
while that of the LPSS method ranged from 10 to 20 percent.
Relative standard deviations of SST-Py/MS results over short
distances were very high. Above the benzene/chlorobenzene plume
none of the three techniques detected those compounds im the
overlying soil gases. The only successful technique for detection
of contamination there was measurement of C0y soil-gas
concentrations on the ground-water organic carbon concentrations in
monitoring wells there gave a correlation coefficient 1indicating a
greater than 95 percent signiflcant correlation. Further studies on
soil-gas network design and data analysis are underway.

Although the research described in this article has been funded
wholly or 1in part by the United States Environmental Protection
Agency through contract 68-03-3249 to Lockheed Engineering and
Management Services Company, Inc., it has not been subjected to
Agency review and therefore does not necessarily reflect the views
of the Agency and no official endorsement should be inferred.
Mention of commercial products or trade names does not constitute
endorsement of their use.
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INTRODUCTION

Protection of the nation's ground water is a national priority.
Contamination from past waste disposal and leaking underground tanks
can destroy aquifers for decades. Some of the worst cases of such
contamination are from organic compounds because of their long
lifetime in the subsurface. For this reason, environmental
scientists have 1increasingly studied the fate, transport, and
detection of these contaminants.

In order to effectively respond to subsurface organic contamination,
it is necessary to establish the extent of the problem. Because of
the high cost of obtalning and analyzing ground-water or soil
samples, attention has recently turned to indirect methods for
preliminary site characterization. By wutilizing a preliminary
reconnalssance~type technique, more efficient sampling networks can
be planned for further work. Soil-gas surveying is an emerging
technology applicable to detection and delineation of subsurface
contamination by volatile organic compounds (VOC's). Table 1 lists
the twenty-five most frequently encountered substances at Superfund
sites; of these, fifteen are VOC's amenable to detection by soil-gas
analysis. Because of the potential applications of thils technology,
the U.S. EPA has funded an evaluation of soll-gas surveying
techniques.

In this paper, a field evaluation of three different soil-gas
surveying methods 18 discussed. The three methods were: a grap
sample/on—site analysis technique, the PETREX SST-Py/MS method, and
a passive-sampling/remote-analysis system. The evaluation was above
a contaminated aquifer in Henderson, Nevada.

EXPERIMENTAL

The field evaluations were performed at the Pittman Lateral in
Henderson, Nevada (Figure 1). At the site unconsolidated gravel
alluvium with discontinuous caliche cement forms an unconfined
aquifer above a clay aquiclude and there is 1little or no soil
development. The ground surface, water table, and upper surface of
the aquiclude all dip gently towards the Las Vegas Wash to the north
and groundwater flow is to the north. Unconfined groundwater occurs
at 6 to 20 feet and contains two separate contaminant plumes
believed to originate at the 1industrial complex to the south.
Groundwater is monitored by analysis of samples from an east-west
line of wells separated by 200-foot intervals. Figure 2 is a
hydrogeologic cross section of the site. The groundwater at the
Pittman Lateral contains a wide variety of organic and inorganic
substances. However, for the purposes of this study, the chloroform
plume on the eastern side (up to 900 ,g/L) and the
benzene/chlorobenzene plume on the western side (up to 5,000 «g/L)
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TABLE 1.

MOST FREQUENTLY IDENTIFIED SUBSTANCES AT

546 SUPERFUND NATIONAL PRIORITY LIST SITES®2

Henry's Law

Henry's Law constant is the equilibrium

ConstantP Percent
Rank Substance (ppbvesL/ug of Sites
1 Trichloroethylene 72 33%
2 Lead and compounds NA 30
3 Toluene 56 28%
4 Benzene 71 26%
5 Polychlorinated biphenyls (PCBs) <<l 22
6 Chloroform 40 20%
7 Tetrachloroethylene 123 lé6%
8 Phenol <<1 15
9 Arsenic and compounds NA 15
10 Cadmium and compounds NA 15
11 Chromium and compounds NA 15
12 1,1,1-Trichloroethane 30 14%
13 Zinc and compounds NA 14
14 Ethylbenzene 59 13%
15 Xylene 43 13%
16 Methylene chloride 23 12%
17 trans-1,2-dichloroethylene 570 11%
18 Mercury NA 10
19 Copper and compounds NA 9
20 Cyanides (soluble salts) <<1 8
21 Vinyl chloride 5100 8%
22 1,2-Dichloroethane 88 8%
23 Chlorobenzene 32 8x
24 1,1-Dichloroethane 420 8%
25 Carbon tetrachloride 3600 7x
8  Source: Kerfoot, 1987.
b

gas-phase VOC concentration

(ppbv) divided by the concentration in water (ug/L).

Compounds amenable to detection by soil-
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are of interest because these compounds are VOC's amenable to
soll-gas surveying.

The three techniques have been described in detail elsewhere
(Rerfoot, 1987; Voorhees et al., 1984; Kerfoot and Mayer, 1986).
The grab-sample method uses a steel pipe with an internal stainless
steel tube connected to sampling ports in the probe tip. The probe
is hammered in to a prescribed depth, a sampling manifold is
attached, soll gas is withdrawn through the manifold, and subsamples
are taken from the manifold with a gastight syringe. The syringes
are then carried to a nearby mobile laboratory for analysis by gas
chromatography. Real-time results for the YOC concentration at the
sampling location are obtained. The PETREX® SST-Py/MS method uses
a wire with a charcoal-coated tip placed in a glass screwcap tube.
The tube 1s opened and placed with the open end down in a shallow
(ca. 1 foot) hole and buried. The sampler is retrieved after a
measured exposure time, sealed, and shipped to a laboratory for
analysis by pyrolysis/mass spectrometry (Py/MS). Results are
reported in ion counts and are said to represent the “integrated
vertical flux”™ of VOC's at the sampling location. The Lockheed
passive-sampling system (LPSS) uses diffusional charcoal samplers.
The samplers are burfed in a manifold at a shallow depth (ca. 1
foot) for a prescribed time, are retrieved and sealed, and are
transported to the laboratory for analysis by gas chromatography.
Results are in an average concentration of VOC's at the sampling
locations. Carbon dioxide measurements were made using the probe
described above and a carbon dioxide detector tube (Draeger).
Samples were from a depth of 5 feet. Organic carbon analyses were
performed with a Dohrman carbon analyzer.

Sampling above the chloroform-contaminated ground water was
performed at the locations shown in Figure 3. Sampling above the
ground water contaminated with benzene and chlorobenzene was
performed at the locations shown in Figure 4. Grab samples were
taken from a depth of 4 feet except where otherwise noted. Passive
samplers and PETREX SST-Py/MS samplers were buried at a 1l-foot
depth; passive samplers were left in place for 14 days above the
chloroform plume and for 3 months above the benzene/chlorobenzene
plume. All PETREX® SST~Py/MS samplers were left in place for 10
days.

Samples were taken at locations 20 feet from monitoring wells to
allow evaluation of the correlation of the soll-gas results with the
results of ground-water analyses. At some sampling locations,
closely spaced (ca. 3 feet) groups of two, three or four samples
were placed to allow evaluation of the short-range variability of
results from each technique. Because of the results obtained above
the benzene/chlorobenzene contamination, the passive samplers that
measure concentration were deployed near only one well and were left
in place for a very long time (3 months) and grab samples were taken
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within 1 foot of highly contaminated ground water, in an effort to

detect those compounds in soll gas there. PETREX & samplers were
left in place for ten days.

RESULTS AND DISCUSSION

Chloroform Plume

Table 2 1lists the ground-water chloroform concentrations, the mean
soil-gas chloroform concentrations of grab samples from a 4-foot
depth as measured by on-site gas chromatographic analysis, the
results from the Lockheed iassive sampling system (LPSS) at a l-foot
depth, and the PETREX SST-Py/MS results. The 4—-foot
grab-sample and LPSS data correlate well with the ground-water data,
and the two data sets correlate very strongly with each other. The
SST-Py/MS results (ion counts) do not correlate with the ground-
water data; the highest results (chloroform 1on counts) were
obtained from samples 800 feet away from the closest location where
chloroform was detected in the underlying ground water. Figure 35
shows the mean results from each technique and ground-water analyses
as a function of the east—west coordinate.

Table 3 lists the mean values and associated standard deviations for
the closely spaced samples analyzed by each method. The precision
shown among these measurements helps indicate how wmuch of a
variation in results can be attributed to 1nherent variability of
the method. This variability 1s a combination of sampling and
analysis imprecision along with real variations in the chloroform
concentrations. The precision of the grab-sample/on-site analysis
method, as indicated by the relative standard deviation (RSD; 100 x
standard deviation / mean), was 7 percent and 43 percent; the
passive-sampling method gave RSD values between 12 and 25 percent;
the SST-Py/MS results had RSD values of 98 percent (3 samples) and
140 percent (2 samples).

On the basis of the results of evaluation above the chloroform
plume, both the grab-sample/on-site analysis technique (Kerfoot and
Barrows, 1987) and the passive-sample/remote-analysis method
(Kerfoot and Mayer, 1986) gave results that correlated well with
ground-water concentrations. In addition,_ acceptable precision was
obtained with both methods. The PETREX® SST-Py/MS method gave
results that did not correlate with ground-water chloroform
concentrations and the precision of results from closely spaced
samplers was unacceptable.

BENZENE/CHLOROBENZENE PLUME

Results of grab sampling with on-site analysis above the benzene and
chlorobenzene contaminant plume did not indicate the presence of
these compounds anywhere 1n soil gases above the contaminated ground
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TABLE 2. GROUND-WATER AND MEAN SOIL-GAS ANALYTICAL
RESULTS ABOVE THE CHLOROFORM PLUME

Ground- Mean Soil-Gas Concentration (ppb)?2 SST-Py/MS

Water Grab Sample Passive Sampling Results
Well Concentration (ug/L) (4 _ ft)A (1 ft) (ion counts)®
635 NDP --4 --d 5482
631 Npb s¢ Npb .4
629 11 23 2.0 --d
627 175 68 7.8 --4
625 866 370 19.2 3121
624 _— 150 14.3 --d
623 555 40 2.4 2835
621 NDb 10.5¢ 11¢ --d
8 Mean of 4 locations around the well (see Figure 2) unless otherwise noted; source:
v Kerfoot and Barrows, 1987.

ND = not detected; ground-water detection limit = 5 pg/L, passive sampling detection
limit = 0.02 ppb.

€  oOnly one location.

a Not sampled

€  Location 624 is halfway between 623 and 625.

variability is a combination of sampling and analysis imprecision along with real variations
in the chloroform concentrations. The precision of the grab-sample/on-site analysis method,
as indicated by the relative standard deviation (RSD; 100 x standard deviation ¢+ mean), was
7 percent and 43 percent; the passive-sampling method gave RSD values between 12 and 25
percent; the SST-Py/MS results had RSD values of 98 percent (3 samples) and 140 percent (2
samples).
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TABLE 3. MEAN AND RELATIVE STANDARD DEVIATIONS OF CHLOROFORM
MEASUREMENTS FOR CLOSELY SPACED SAMPLES?2

Passive-Sanple Grab-Sample SST-Py/MS

Location (ppbl;1-ft depth) {ppb;4-ft depth) (ion counts; 1-ft depth)
635 -- - 4593  (140)P

631 N.D. — -

629 2.6 (14)¢ - _—

627 6.7 (14)¢ 124 (43)9 —_—

625 15 (20)¢ - -

624 14.3 (12)e 189 (N)f —

623 2.6 (25)¢ - 9092 (98)f

621 N.D. — —

Relative standard deviation (%) in parentheses

Two samples separated by 3 feet

Four samples in a square pattern 3 feet on a side

Four samples in a trapezoidal pattern 3 ft x 3 ft x 6 ft x 4.2 ft
Ten samples in a north-south line at 3-foot intervals

Three samples in a line at 3-foot intervals

"o Qo o
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water. Although gradb samples were taken 1/2 to 1 foot above the
water table adjacent to well 641, neither benzene nor chlorobenzene
was detected in them. LPSS samplers exposed for three months did
not show any benzene or chlorobenzene, either. Table 4 1lists the
concentrations measured in ground-water samples from wells in that
Plume as well as soil-gas results from nearby sampling locations.
Because PEREXé SST-Py/MS results were the only ones to detect
benzene or chlorobenzene in soil gases above that contaminant plume,
an evaluation of the precision of results among closely spaced
samplers was performed. At the two locations with multiple samplers
the RSD values were 81 percent (two samplers) and 170 percent (three
samplers) for benzenme. Chlorobenzene ion counts had an RSD value of
58 percent (2 samples at 641), with all non-detect results at the
other multi-sampler location (649).

In consideration of the contrasting results obtained above the
chloroform plume and the benzene/chlorobenzene plume, under the same
hydrogeologic circumstances it was postulated that compound-specific
properties must be responsible for the differences observed.
Chloroform has Henry's Law and diffusion constants intermediate to
those of benzene and chlorobenzene and the maximum concentrations of
the aromatic compounds are nearly an order of magnitude higher than
chloroform, so that differences 1in partitioning into soil gases or
diffusing through the vadose zone are not the causes of the
situation encountered. It has been noted that hydrocarbons
biodegrade readily in shallow soil gases (Evans and Thompson, 1986),
and chlorobenzene has also been shown to biodegrade aerobically
while chloroform 1is resistant to that process (Bouwer, 1984).
Therefore, the disappearance of the two aromatic compounds from the
soll gases could be due to this process.

As a test of this hypothesis, carbon dioxide concentrations in soil
gases were measured at a 5-foot depth several locations at the site
and dissolved organic carbon concentrations of ground-water samples
were measured. Table 5 shows the two data sets. ILinear regression
shows that there is a 90 percent significant correlation between the
two variables. This is in agreement with, but does not prove, the
hypothesis that aerobic biodegradation 1s occurring at a rate
limited by the concentration of organic carbon present.

CONCLUS IONS

Soil-gas surveying can be a valuable field reconnaissance technique
to delineate VOC contamination. Both active sampling with on-site
analysis and passive sampling with remote analysis methods gave
results that adequately delineated ground-water VOC contamination in
this study, although not all the passive sampling methods used gave
the same quality of data. However, the methods that were used
successfully were not able to detect nearby subsurface contamination
at the same site. Although evidence 1indicates that aerobic
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TABLE 5. GROUNDWATER DISSOLVED CARBON AND SOIL-~GAS CARBON
DIOXIDE CONCENTRATIONS

Organic Inorganic Soil-Gas
Weil Carbon (mg/L) Carbon (mg/L) Carbon Dioxide (%)
631 2.52 40.80 0.089
641 13.01 75.99 0.452
643 12.27 73.20 0.318
645 14.79 76 .80 0.352
647 12.54 73.65 0.410
649 9.20 57.86 0.096

TABLE 4. GROUNDWATER AND SOIL-GAS MEASUREMENTS
FOR BENZENE/CHLOROBENZENE PLUME

Ground- Soil-Gas Concentration (ppbv) Mean® SST-Py/MS
Water Results
Concentration (ug/L) Grab Sample Passive Sample (ion counts)
Well C.H C.H.Cl C.H, C.H.Cl CH, C.H.Cl CH, C H,Cl
623 <10 <10 ND ND ND ND 218 103
635 340 520 --b --b --b --b 793 575
639 4700 3200 ND ND ND ND 529 139
641 3200 4520 ND ND --b --b 380 121
645 3100 4880 ND ND --b --b 218 133
649 1300 2400 ND ND --b --b 189 148
653 <10 <10 ND ND --b --b 353 133
Blank - - ND ND ND ND ND ND

8 Mean of samplers around a well.
Not sampled.
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biodegradation may be responsible for that, further work would be
required to prove the hypothesis. However, these results indicate
that workers using the technology should be careful to demonstrate
its correlations with subsurface contamination and its short-range
precision at each site as routine quality assurance precautions.
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Figure 1

Study Site Location.
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Figure 3

Sampling Locations Above the Chloroform Plume.
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Figure 5

Soil-Gas and Ground-Water Measurement Results.
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PROCEDURES USED TO MEASURE THE AMOUNT OF
2,3,7,8-TETRACHLORODIBENZO-P-DIOXIN
(2,3,7,8-TCDD) IN THE AMBIENT AIR
NEAR A SUPERFUND SITE CLEAN-UP OPERATION

Billy J. Fairless, Dale I. Bates, Jody Hudson, Robert D. Kleopfer,
Thomas T. Holloway, Debra L. Morey, U.S. Environmental Protection
Agency, Region VII, Kansas City, Kansas; Tony Babb, IT Corporation, Air
Quality Services, Knoxville, Tennessee

ABSTRACT

Sampling and analytical procedures are described that were successfully
used to monitor for 2,3,7,8-tetrachlorodibenzo-p~dioxin (2,3,7,8-TCDD)
in air samples collected near a superfund site clean-up operation.
Measured concentration of 2,3,7,8-TCDD in air samples are related to
both an action level (3.0 picograms per standard cubic geter of air)
and to a calculated no observed effect level (5.5. pg/M7). The study
concluded that it is possible to collect reliable data for 2,3,7,8-TCDD
in air at concentrations that are below the action level specified by
the Centers for Disease Control. Data quality was defined relative to
the quality control procedures described in the study. There was no
apparent relationship between particulate matter in the air and
2,3,7,8-TCDD in the air.

INTRODUCTION

For some animal species, 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8~
TCDD) is one of the most toxic synthetic compcunds known. The LD-50
has been reported to be 0.6 ug per Kg of body weight for the gujnea
pig, 115 ug per Kg for the rabbit and 22 ug per Kg for the rat.
However, 2,3,7,8~TCDD does not appear to be nearly as toxic to humans
as it is to other animal species. Some of the chlorinated dioxin
isomers are, for all practical purposes, not toxic at all. The LD-50
for 2,7—dichlorodib§nzo~p—dioxin is approximately 2.0 g/Kg of body
weight for the rat. These facts require that any analytical procedure
used to measure for the concentration of 2,3,7,8-TCDD must be isomer
specific.

In addition to being toxic, 2,3,7,8-TCDD is also a suspected
carcinogen. Recently, Dr. R. Kig?zough and others suggested the
extremely low number of 2.8 X 10 g/Kg body weight per day a§ being
the dose responsible for a cancer risk of cone in one million.

Previous studies have detected concentrations of_ labeled dioxin in the
air in the range of 10 grams per cubic meter. Several studies have
shown the presence of dioxins in emissions from incinerators at
similarly low concentrations. Attempts to measure dioxin
concentrations in ambient air at these levels require very sensitive

analytical procedures.
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In the early 1970's, 2,3,7,8-TCDD was formed as a byproduct in the
production of hexachlorophene and/or Agent Orange in a small facility
in southwest Missouri. It is known that, unlike some other sources of
dioxin, this process resulted in a very high fraction of the 2,3,7,8-
TCDD isomer being formed. It is now believed that the 2,3,7,8-TCDD was
produced by condensation of 2,4,5-trichlorophenol. The phenol resulted
from alkaline treatment of 1,2,4,5~-tetrachlorobenzene as shown below in

equation 1.

NaOH
1 2C_H — S
) CeH,C1, > 2CH,0C1, D C1,H,0,C1, + 2 HCl
Waste materials containing the dioxin byproduct were mixed with used
cil and subsequently applied to roads and other surfaces for dust
control.

One of the places where the waste material from southwest Missouri was
applied was a trailer park near St. Louis, Missouri. The site covers
an area of approximately 11 acres. It has an irreqgular shape as shown
by the site map (Figure 1). The surface and subsurface soils at the
site were tested and were found to contain 2,3,7,8-TCDD at
concentrations above 1.0 ug per Kg of soil (1.0 ppb) at most locations
within the site. Therefore, a mitjgation plan was prepared to control
exposure to the contaminated soil. The plan called for the removal of
the contaminated soil from the surface and for storage of the removed
material in a safe location on site until detoxification procedures are

available.

The EPA has a responsibility under the comprehensive Environmental
Response, Compensation and Liability Act (CERCLA or Superfund) to clean
up hazardous waste sites known to be contaminated with toxic or
hazardous materials. A second responsibility is that agency clean-up
activities must not constitute a source of pollution for members of the
general public who are in the immediate vicinity of the clean-up
operation. At the beginning of this work, it was not apparent that it
would be possible with available technology to meet both of these
responsibilities for the site in question. This paper describes
considerations which went into the design and operation of the network
and our findings during the first five months of operation. Some of
the specific questions we had to address and hoped to answer are listed

below:

Can the concentration of 2,3,7,8-TCDD in ambient air be measured at
levels that cause an insignificant risk to the public?

Can a cost-effective network which measures the average amount of
dioxin in the air be implemented over time, with a high degree of
confidence? If not, are other options available that will provide
acceptable answers?
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If dioxin is found in the air, will it be absorbed to particulate
matter that is trapped on a filter or will it be in the vapor phase or
both?

Relative to local weather conditions and the normal scatter in any
measurement, how many sampling sites should the network contain? How
many samples should we collect at each sampling site each day? How
long should the network be operated.

What are the best available procedures to collect a sample? What are
the best analytical procedures? What reliability can be expected from
these procedures?

Is there any relationship between the amount of particulate matter in
the air and 2,3,7,8-TCDD in the air?

Is there a measurable cause-effect relationship between clean-up
operations and measured concentrations of 2,3,7,8-TCDD in the air? Is
any of the 2,3,7,8-TCDD in the air coming from background sources?

If significant concentrations of 2,3,7,8-TCDD are found in the air, can
models be used to predict the path of any plume that might be caused by
the clean-up operations?

Are any of the pollution abatement actions more effective in
controlling the release of dioxin than others?

PROCEDURES
1. Design of the Monitoring Network

When designing the monitoring network, we assumed that we needed
measurement detection limit in the range of 0.1 to 1.0 pigogram/M~ in
order to obtain reliable measurements at the 5 picogram/M~ level. The
response from the Centers for Digease Control (CDC) contained their
recommendation of 5.5 picogram/M~ as an estimated no observed effect
level (NOEQ) and their concurrence with our, recommendation of 3.0
picogram/M~ as a "warning” or action level. Realizing that the total
cost of sample collection and analyses would probably exceed $1,000 per
sample, our objective was to collect the minimum number of samples that
would have a good (95% confidence level) probability of showing an
exceedance of the action level if one occurred and of showing that no
exceedance occurred if indeed one did not occur. Based on prior
experience, we estimated that we could monitor for the concentration of
2,3,7,8-TCDD in ambient air at these levels with an accuracy of 25%
relative standard deviation based on the recovery of field spikes. We
assumed that the upwind and downwind site data would each have a normal
distribution. The number of measured concentrations (samples) needed
at each sampling location was then calculated as a function of the
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difference between the action level (true mean) and the mean of a given
number of measured values.

The statistical calculation is outlined as follows. The average
concentration of all samples collected at a site is used as an
approximation of the true average concentration (which would be
obtained from continuous monitoring of the air over a long period of
time). The uncertainty of that approximation is indicated by the 95%
confidence limits as calculated by the following formula.

95% confidence limits = ¥ + £.975, n-1  n °
where ; = the sample average
n = the number of samples at each sampling location
s = the standard deviation of samples collected at that sampling
location
t.975,n-1 = the tabulated student's t value for n-l1 degrees of freedom

The width of the 95% confidence interval for a site depends on the number of
samples collected and the scatter among the data from those samples, as is
shown in Table 1.

A comparison of the experimental data with the action level will result in a
conclusion that no exceedance occurred if the 95% confidence interval is
completely below the action level. The data will demonstrate that an
exceedance did occur if the 95% confidence interval is completely above the
action level., The data will demonstrate that more samples would be needed in
order to show conclusively whether or not the true average concentration
exceeded the action level if the action level is within the 95% confidence
level,

We elected to initially collect 14 samples at each monitoring site. Using
14 data values and the assumptions described above, a definitive conclusion
would then be reached if the data were either 14% above or below the action
level.

In order to obtain sufficient data to be able to assess the effects of on-
site activities on the off-site ambient air under variable wind conditions,
the monitoring network had to be designed to provide long-term monitoring of
the air at or near the property boundaries of the site. Based on the
physical configuration of the site (see Figure 1), which is 1long relative to
its width, we decided that a minimum of six fixed monitoring locations would
be needed to insure consistency throughout the study and to have one upwind
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on the appropriate number of monitoring sites in the network, was to minimize
the probability that contaminated air would pass between the monitors without
being detected. The three largest variables effecting this probability were
the size of the area within the site that might be releasing dioxin, the
local variation in the wind direction during a sample collection time period
and the duration of the study.

Considering that dioxin might be released from approximately one-fifth of the
site at any given time from truck traffic and construction work, that the
wind direction was very seldom in one direction for 80% of a 24~hour period
and that the study would require approximately 200 working days, we concluded
that six monitoring sites would be sufficient. An on-site meteorological
monitoring station was incorpcrated into the network design for the purpose
of obtaining adequate wind speed and direction data.

A site visit was made prior to finalizing the network design to obtain
detailed information on the topography, and to choose the specific sampling
locations relative to anticipated activities at the site. The specific
locations for the air samplers were selected so they would be near but just
inside the perimeter fence for security purposes, would be consistent with
accepted siting guidance for «criteria pollutant monitoring, would provide
permanent placement throughout the 1life of the project (i.e., the samplers
would not have to be relocated during the course of the excavation activitie

at the site), and would provide adequate coverage for most wind directions.

The specific sampling locations which were selected are shown in Figure 1.

2. Collection of Representative Samples

To collect representative samples, we used commercially available modified
high-volume air samplers that employ both a filter for collecting particulate
matter and a solid adsorbent for collecting vapors. A diagram of the air
sampler (General Metal Works, Inc., Model PS-1) is shown in Figure 2. In
operation, a known volume of air (calculated from the flow rate and time of
sampling) is drawn through a dual-chambered sampling module (see Figure 3)
and exhausted to the air via a 10-foot exhaust duct. The upper portion of
the sampling module holds a 4-inch diameter glass fiber filter which collects
the particulate matter and the lower portion consists of a cylindrical glass
cartridge (65 mm x 125 mm) containing a 3-inch-long solid adsorbent which
entraps selected vapor phase compounds. Polyether-typ; polyurethane foam
(PUF) plugs were utilized as the solid adsorbent material.

To measure the very low concentrations of dioxin required in this project, a
large sample volume of air was required. Since the air samplers are only
capable of providing a flow rate of approximately 0.280 cubic meters/minute,
it was determined that the samples should be collected on a 24-hour basis (+
15%). This time and flow will give a sampled air volume of 300-400 cubic
meters of air.
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The samplers were placed on l-meter high platforms to obtain samples of the
ambient air in the breathing zone. The samplers were operated daily except
on Sunday. If excavation occurred on Sunday, the samplers were operated on
that day as well.

We assumed the wind direction could not be predicted for the 24-hour sampling
period, nor would it be constant over that period of time. Therefore, all of
the samplers were operated to collect samples each day.

During the first 14 days of sampling, all of the samples were analyzed for
both particulate matter and 2,3,7,8-TCDD +to obtain baseline data for the
site. Pollution abatement activities were occurring at the site during this
time period. Subsequent to this initial sampling period, only one upwind and
one downwind sample was submitted for 2,3,7,8-TCDD analysis each day. The
selection was based on the prevailing wind direction and the amount of
particulate matter collected on each filter for the sampling period.

3. Comparability

For a risk assessment, we estimated the maximum amount of dioxin a person
just off-site would experience during the time of the clean-~up activities.
We decided to use a daily averaging process because an average is more
comparable to_ an action level that is based on chronic effects than is a
single value. We decided to average the data values from each monitor
separately (rather than average data from different monitors) because that
would be more representative of exposure for someone 1living near that
monitor. Since we wanted to be able to take pollution abatement actions as
quickly as possible after the data were available, we decided to use a l4-day
running average (average concentration of the most recent 14 days) which
would be calculated daily. In the interest of safety, we elected to use the
detection limit as a measured value when calculating the running averages for
all samples that did not contain a measurable concentration of 2,3,7,8-TCDD.
Finally, since none of the analyses of non-downwind samples showed any
measurable 2,3,7,8-TCDD, we decided to use an average of these numbers for
those days when data were not available. A daily data point might be missed
for a specific monitor if that monitor was neither upwind nor downwind of the
site, or if no work was occurring at the site due to bad weather or for a
non-working Sunday.

4. General Procedures

Particulate Matter (PM) and 2,3,7,8-TCDD sampling utilized samplers as
previously described. Polyurethane foam (PUF)} cartridges were precleaned by
the laboratory and shipped to the on-site sample coordinator in sealed, glass
sample jars. Filters were obtained from the PUF sampler manufacturer in lots
of 100. Five percent of the filters were run as blanks to ensure acceptable
detection limits. Sample modules were collected and new samples started each
morning prior to the start of any remedial activity on site. Surgical gloves
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and Teflon tipped forceps were used to remove the glass fiber filter and the
PUF cartridge from the sample module. The glass fiber filter was placed on a
calibrated balance and weighed to the nearest 0.1 milligram. The glass fiber
filter was then folded in half twice (sample side inward) and placed in the
glass cartridge on top of the PUF plug. The sample cartridge was then
wrapped in aluminum foil (to shield it from sunlight) and placed in the
sample jar from which it came.

The concentration of the particulate matter (PM) for each sample was
calculated immediately and used in the selection of samples for 2,3,7,8-TCDD
analyses.

5. Analytical Procedures

All samples were analyzed by an EPA contractor in accordance with a Region
VII standard method titled "Determination f 2,3,7,8-TCDD in Air Samples
Using Gas Chromatography-Mass Spectrometry."

ng samples were spiked with internal (13C12 -2,3,7,8-TCDD) and surrogate
¢1,2,3,7,8-TCDD) standards of isotopically labeled 2,3,7,8-TCDD. The
samples (filter, PUF and glass cylinder) were then extracted with methylene
chloride in a Soxhlet apparatus. The extracts were cleaned using silica gel,
modified silica gel, alumina and carbon prior to the analyses by high
resolution gas chromatography and low resolution mass spectrometry.

The gas chromatography column was a 30m x 0.32 mm I.D. fused silica capillary
DB-5 with a 0.25 u film thickness. Calibration was done by tabulating the
peak heights or peak areas from triplicate injections of 2,3,7,8-TCDD versus
the internal standard. Quantification is based on the response of native
TCDD relative to the isotopically labeled TCDD internal standard.
Performance is assessed based on extensive quality assurance requirements.
These include a requirement for accuracy of a surrogate analyses on each
sample,.

6. Quality Assurance

To minimize sample handling and/or contamination in the field, two sampling
modules equipped with quick release connectors were acquired for each air
sampler. The availability of two complete sampling modules, which were
numbered for ready identification, made it possible to simply exchange a
clean sampling mcdule for the module containing the sample in the field. The
modules were transported to and from the sampling sites individually wrapped
in plastic bags and stored in a closed container (an ice chest customized to
hold the modules upright). This practice enabled all sample handling
(disassembly of module and placement of the filter, PUF and glass cartridge
in a sample container) and sampling module preparation (cleaning and
assembly) to occur in a controlled environment.
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A five-point calibration curve (equation) for each sampler was obtained
initially using a magnehelic gauge and a calibrated orifice. The equation
for each sampler was then used to calculate sample volumes. The calibration
was repeated monthly and a one-point check was performed every other week. A
flow audit on 25% of the air samplers in use was performed monthly by an
individual other than the normal operator and with a different calibrated
orifice. The maximum acceptable difference between the reported (sampler)
and actual (calibrated) flows was established as + 7%.

Laboratory GC/MS instrument calibration consisted of an initial 3-point
calibration conducted in triplicate. The mean, standard deviation, and %
Relative Standard Deviation (RSD) of the Relative Response Factor (RRF) for
2,3,7,8-TCDD was calculated at each of the three concentration levels, as
well as for the overall. Acceptable calibration required an RSD of 10% orx
less at each individual level, as well as for the overall. Every 8 hours,
the calibration was to be verified through the analysis of a 1low level
standard solution. The percent difference of the RRF for the continuing
calibration from that of the overall mean RRF of the initial calibration
could not be more than 10%,

Both system and performance audits were included in the air monitoring plan
to ensure that the established procedures were actually being followed. The
audit process provided the means for continually evaluating the quality of
the data being generated, identifying apparent problems gquickly, and making
in-process changes to correct apparent problems.

The use of quality control samples was included as a routine means of
tracking the precision and accuracy of the data generated and detecting
problems relating to thé quality of the data reported. Throughout the
sampling effort, one field blank, one blank to be spiked by the laboratory,
and one field-spiked sample were submitted for analysis with every 17 actual
samples. In addition, during the initial 14-day sampling period, a second
air sampler was collocated with one of the perimeter samplers to collect
duplicate field samples.

RESULTS, DISCUSSION AND CONCLUSIONS

Data Quality

We have grouped thelgata quality information into qualitative information and
quantitative data. Based on the results of our field and laboratory
audits, we concluded that the procedures described above were being followed
as written, and that, with the exception of two data points, all data were
acceptable relative to the qualitative variables.

Two concentration levels were utilized in the performance evaluation (PE)
samples. A high 1level PE of 11.6 ng was used to monitor bias above the
exposure limit. The three data points generated at this level gave a mean
value of 10.99 ng or 95% recovery. Control limits at
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the 95% confidence interval were 9.65-13.6 ng. Twenty=-six medium level
performance audit samples containing 5.8 ng were analyzed. Mean recovery was
5.29 ng or 91% recovery. A 95% confidence interval of 4.35 - 6.09 ng was
determined.

The field blanks consisted of a filter, PUF and glass cylinder to which only
surrogate and internal standard solutions were added. The 19 field blank
analyses resulted in no detectable quantities of 2,3,7,8-TCDD.

The laboratory fortified 19 samples with 5 ng of 2,3,7,8~TCDD. The mean
recovery of these was 4.75 ng or 95% recovery.

Nine audits of the sampler flows were performed during the study and gave a
standard deviation of flow difference of 1.72%.

Considering the variances in the measurements of both the volume of air
sampled and the amount of dioxin found in the sample, we estimate the data
are accurate to within + 12% of the reported values at the 95% confidence
level.

Is 2,3,7,8~TCDD in the Vapor Phase or on Particulate Material?

Two experiments were conducted to try to determine what fraction of the
2,3,7,8-TCPD and 2,3,7,8-TCDF would pass through the filter and what fraction
would remain on the filter under the sampling procedures described above. We
assume that the materials were in the vapor phase when they passed through
the filter.

The first experiment was designed to evaluate the potential for analyte
breakthrouch of 2,3,7,8-TCDD, 1,2,3,4-TCDD and 2,3,7,8~TCDF. The experiment
consisted of spiking clean filters with 10 ng each of 2,3,7,8-TCDD and
2,3,7,8-TCDF and 13.8 ng of 1,2,3,4-TCDD in 200 ul hexane. Ambient air was
then drawn through the samplers for varying lengths of time using identical
flow rates. At least three samples were collected for each time period. The
PUF and filter were analyzed together as described above. The results of the
experiment are shown in Table 2.

From these data we conclude that the sampling procedures are effectively
collecting all of the 2,3,7,8-TCDD in the sampled air and that our field
spikes can be wused for an accurate estimate of method bias. These
conclusions are supported by work recently ryported by F.L. DeRoos, J.E.
Tabor, S.E. Miller, S.C. Watson and J.A. Hatchel.

In the second experiment, a solution from a standard containing both 2,3,7,8-
TCDD and 2,3,7,8-TCDF (tetrachloro~p-dibenzofuran) was placed on the glass
fiber filter. Uncontaminated air was then passed through the sampler as
described above for 17.5 minutes, 2 hours and 24 minutes, and 24 hours. The
filters and PUF's were then analyzed separately. The average total (filter
and PUF) percent recovery for
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dioxin was 112% with a standard deviation of 1.3%. The average percent
recovery of Furan was 90% with a standard deviation of 11%. The resulting
data are shown in Table III. It was obvious from this experiment that the
dioxin was very slowly migrating from the filter to the PUF. We conclude
that an analyses of only the particulate matter or only the vapor phase in
the sample would both give erroneous results. It also appears that the
Furans are more easily transferred from the filter to the PUF than are the
dioxins.

Effectiveness of Sampling Methodology

The data described above provides a basis for concluding that the sampling
equipment and procedures were adequate for this study. Clearly, the sampler
must capture both particulate and vapor phase materials if the data are to be
representative of the air sampled. The volume of air sampled was Jjust large
enough to give adequate data precision (the maximum RSD at the monitor
showing highes§ concentra-tions of 2,3,7,8~-TCDD was approximately 22%) in the
3-5 picogram/M~ concentration range. The samplers were reliable (no down
time) and they maintained the initial flow characteristics very well (maximum
change in measured flow was approximately 2%). The ability to very easily
change the sampling modules made field work much more convenient and probably
improved data precision considerably.

Are there any Relationships between Weather Conditions and 2,3,7,8-TCDD in
the Air?

At no time during this study did we observe a measurable concentration of

2,3,7,8-TCDD at a non-downwind monitor. Approximately 200 samples were
collected and analyzed for 2,3,7,8-TCDD. Ten of those samples contained
concentrations of 2,3,7,8-TCDD above the detection 1limit. Each of the

positive concentrations occurred on days when clean-up activities were
occurring in the immediate vicinity of the monitor and when the clean-up
activities were upwind of the monitor for most of the day. From these data
we conclude that there is a measurable relationship between wind direction
and concentrations of 2,3,7,8-TCDD in the air. We also conclude that the
2,3,7,8-TCDD we found in the air was originating at the location of the
clean-up work and that the contamination remains in the air only for a short
time period. Any background of 2,3,7,8-TCDD is below the method dection

limit.

We were unable to find a model that would, in our hands, accurately give the
experimental results we obtained.

Can Particulate Matter Concentrations be Used to Predict 2,3,7,8-TCDD
Concentrations?

Figure 4 is a graph showing the relationship between particulate matter
concentrations and 2,3,7,8-TCDD concentrations. Although there may be a very
general relationship, it 1is apparent that one could not reliably predict
2,3,7,8-TCDD from measured particulate matter
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concentrations. It is also obvious from the data in the graph that there is
no particulate matter concentration that could be used as a control limit for
2,3,7,8-TCDD. The particulate matter concentrations referred to were
obtained by the procedures described in this paper. They are not equivalent
to the TSP values usually obtained with a Hi-Vol sampler. However, a good
relationship between TSP by the EPA-approved procedure and the measured PM
concentrations has been demonstrated for this study.

Since dioxin analyses are so expensive relative to TSP analyses, it may be
beneficial in future studies to look for a 2,3,7,8-TCDD/TSP relationship
under different conditions.

Was the General Public Exposed to Significant Concentrations of 2,3,7,8-TCDD
as a Result of this Action?

Figure 5 is a graph showing the 14-day running average and the associated 95%
confidence levels of those averages for the monitoring site with the highest
concentrations. As can be seen, all of the 1l4-day averages were well below
the warning level and the NOEL at all times. We would emphasize that the
averages were calculated using the assumption that the detection limit was a
measured concentration for all samples that did not have a measurable
concentration of 2,3,7,8-TCDD. Therefore, the actual exposure was probably
even less than the maximum possible indicated by the graph. From this data,
we conclude that concentrations of 2,3,7,8-TCDD that cause an insignificant
risk to the public can be measured in ambient air wusing the procedures
described above. We also conclude that during this stugy, the public was not
exposed to a significant concentration (5.5 picogram/M~ for a "few months")
of 2,3,7,8-TCDD at any time.

Can Monitoring Costs be Reduced in Future Studies?

We estimate the total cost of the study described above was approximately
$295,000 or approximately $1,500 per sample. After reviewing the data from
this study, we see no way to substantially reduce the costs without
additional data. It does not appear to be possible to use particulate matter
as an indicator parameter for dioxin, thus, reducing the analytical costs.
We would not recommend reducing the size of the monitoring network for a site
of this size. We believe the network should be in operation any time
pollution abatement activities are occurring at the site. We doubt that
efforts to improve data quality would be cost-effective. The authors are
investigating sample breakthrough for longer sampling times both for the PUF
and other solid absorbents. An option that might result in a reduced cost
would be to reduce the time spent to obtain baseline data from 14 days to a
shorter time period. This kind of decision is properly a role of management
since costs must be balanced against the increased risk of obtaining a false
positive and of unknowingly exposing the public to a significant amount of
2,3,7,8-TCDD. The results of this work should make that decision easier to
reach.
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TABLE 1

Estimation of Number of Samples Needed

to Meet Study Objective

RSD =12% | RSD = 24% | RSD = 36%

Number of Samples .975, n-1
per Site _{95% confidence 1imits = sample average *+
7 2.447 11% 22% 33%
14 2,160 7% 14% 21%
28 2.052 5% 9% 14%
56 1.96 3% 6% 9%
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TABLE 11

Breakthrough Study Results

T Sampling Time (héﬁf‘é)]i\if"\’/bidmé’ir'5%‘M3’ N
______ 0/0 | 12/180 | 24/360 | 48/720 | 72/1080

2,3,7,8-TCOD | MPR 89.6% 64.7% 81.2% 93.7% 88.9%
RSD 9.1% 2.95% 1.91% 5.71% 3.90%

1,2,3,4-TCDD | MPR 92.8% 70.8% 93.6% 100% 92.9%
RSD 5.47% 5.92% 7.91% 2.59% | 11.2%

2,3,7,8-TCDF | MPR 92.4% 74.4% 99.1% 112% 99,4%
RSD 6.20% 6.86% 5.43% 9.20% 8.95%

______ Lo

MPR
RSD

Mean Percent Recovery

Relative Standard Deviation
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TABLE III

Distribution of TCDD and TCDF between the Filter and PUF

Sampling Time (Minutes) | 17,6 | 144 | 1440
TCDD Filter 100 97 82

PUF 0 4 18
TCDF Filter 63 10 0

PUF 37 90 100
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Figure 1

A diagram of the site. During pollution abatement activities, approximately
6" of soil would be removed from a section (5,000 square feet) with a backhoe
and placed in plastic bags. The new surface would then be tested for dioxin
and be either declared clean or another 6" of soil would be removed. Air
pollution could originate either from the soil handling operations or truck
traffic within the site. The six monitoring locations relative to the
contaminated area are shown in the figqure (M, O, D, K, L & E). The
prevailing wind is from Monitor E to Monitor O.

Figure 2

Modified Hi-Vol Sampler (General Metal Works, Inc., Model PS~1) used to
collect 2,3,7,8-TCDD samples.

Figure 3

A detailed illustration of the sampling head module (see Figure 2) showing
the fiberglass filter used to collect particulates, and the glass
cylinder/PUF used to collect vapors.

Figure 4

Data from samples collected from a single monitor with both wvalid PM and
2,3,7,8-TCDD concentrations above the respective detection limits are shown.
There is no reliable correvlation.

Figure 5

The data points are representative (we only show every 5th day for clarity)
averages of measured or estimated (see text) concentrations for the most
recent 14 days. A downwind sample is one in which the monitor (0 in Figure
1) was downwind of the clean-up activity at the site during the last day of
the 14-day averaging period. A non-sampling value is shown for those days
when the concentrations at site "O" were estimated rather than measured on
the last day of the averaging period.

The average of all measured (or estimated) concentrations for 14 consecutive
days is plotted on the Y axis against the last day of the 14 day averaging
period on the X axis for monitor "O" (see Figure 1). Detection limits were
taken as measured concentrations. If a measurement was not taken for a given
day because the monitor was not downwind or upwind on that day, an estimate
of the concentration was made by averaging all of the non-downwind values to
date. Since concsntrations above the detection limit (usually in the range
0.4-0.8 picogram/M”) were obtained only when a monitor was downwind of the
site, all estimated values were averages of detection limits. The data are
presented in this manner to 1illustrate our best estimate of the maximum
exposure of any off-site population that might have resulted from this clean-
up activity.
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VOC EMISSION RATES FROM SOLID WASTE LANDFILLS

W. Gregory Vogt, Senior Project Scientist, Lisa Y. Montague, Staff
Scientist, Peter J. Carrico, Associate Staff Scientist, Joyce K.
Hargrove, Associate Staff Scientist, SCS Engineers, Restoa, Virginia

ABSTRACT

Regulatory agencies and the public have directed increased atteuntion
at the health risks associated with exposure to trace constituents
present in landfill gases. Direct field measurements of surface
emissions are difficult and often inconclusive, indicating a need
for quantitation by alternative means. To this end, a study was
conducted to estimate the maximum surface and subsurface emissions
for volatile organic compounds (VOCs) from RCRA Subtitle D disposal
sites. The purpose of these estimates was to provide baseline data
for asgessing potential air quality impacts.

Estimates were based on measurements from pump test programs common
to the landfill Gas industry. Field pump tests performed from 1982
through 1986 at 20 selected landfill sites provided gas generation
rates for wet and dry climates per volume of landfilled solid
waste, The median LFG generation rates for wet and dry geographic
regions were 207 cubic feet of gas per cubic yard of refuse per year
(cf/cy/yr) and 81 cf/ecy/yr, respectively. In addition, VOC
concentrations were derived from a compilation of laboratory
analyses from sites between 1982 and 1986. Various 1landfill
configurations were evaluated on the basis of surface area, waste
depth, location of disposed wastes (above ground, below ground, and
above and below ground), and region.

Results from the study indicated that the solid waste landfill
emigsions are greater for sites in wet climate regions due to the
amount of available moisture required f£for Dbdlological activity.
However, VOC concentrations do not change considerably with
climate. Total gas emissions Iin wet climates ranged from 124
million to 2,960 million cubic feet per year for the various
landfill configurations. VOC mass surface emissions for the same
landfills ranged from 1 to 22 tons/year.

APPROACH

Regulatory agencies and the public have directed increased attention
at the health risks associated with exposure to trace coustituents
present in landfill gases. Correlations of landfilled waste types,
landfill gas (LFG) characteristics, and direct field measurements of
surface emissions are difficult and often inconclusive, indicating a
need for quantitation by alternative means. To this end, a study
was conducted to estimate the maximum surface and subsurface
emissions for volatile organic compounds (VOCs) from RCRA Subtitle D
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disposal sites. The purpose of these estimates was to provide
baseline data for assessing potential alr quality impacts.

Estimates were based on measurements from pump test programs common
to the landfill gas industry. Field pump tests performed from 1982
through 1986 at 20 selected landfill sites provided gas generation
rates for wet and dry geographic regions per volume of landfilled
golid waste. In addition, VOC concentrations were derived from a
compilation of laboratory analyses from sites between 1982 and
1986. A range of landfill coufigurations was assigned and evaluated
on the basis of surface area, waste depth, location of disposed
wastes (above ground, below ground, and above and below ground), and
region. Estimates could then be made to calculate VOC emlssion
rates from all 1landfill configurations and for wet versus dry
climatic areas. Our approach for determining these landfill
emigsion rates is depicted in Table 1.

COMPILE LANDFILL GAS GENERATION RATES

Landfill test data were compiled to determine typical LFG generation
rates and VOC emission rates per volume of in-place refuse. Pump
test programs, which provide empirical data for sustained LFG
production rates over a period of several days or weeks, were
surveyed from field studies conducted from 1982 through 1986 at
municipal solid waste landfills nationwide. On the basis of refuse
moisture contents, methane content, estimated landfill 1life (for LFG
production), and refuse density, the gas generation rate was
determined, expressed in units of cubic feet (cf) of raw landfill
gas per cubic yard (cy) of in-place waste per year (cf/ecy/yr).

Available moisture within the landfill is required for biological
activity to occur and hence, the moisture content of the in-place
wastes directly affects LFG generation rates. As a result,
geographical regions having different net precipitation/
jnfiltration rates will produce LFG at different rates. The field
studles were separated into wet and dry reglons based on geographic
location and precipitation rates. For instance, southern California
18 a relatively dry region with an average rainfall of about 20
inches per year. By comparison, the Midwest and East Coast are
relatively wet regilons with an average annual rainfall over 35
inches. Wet regions have generally higher gas generation rates and
refuse moisture contents, but have estimated production "lives”
lower than those for dry regions. A general relationship 1s that
the greater the net precipitation/infiltration rate, the greater the
gas generation rate, and the shorter the overall duration of LFG
production (or landfill life).

Results from the compilation provided median gas generation rates
for wet geographic regions (207 cf/cyl/yr) and dry geographic regions
(81 cf/ey/yr).

1-104



TABLE 1

HOW VOC EMISSION RATES WERE DETERMINED

1. Compile LFG Generation Rates from Field Test Data
o RCRA Subtitle D disposal sites
o Nationwide pump test programs
o Wet versus dry geographic reglons
2. Compile Laboratory Analyses for VOCs Present in LFG
0 RCRA Subtitle D disposal sites
o Major VOCs found in landfill gas
0 Median concentrations
3. Select Range of Landfill Configurations
o Surface Area
0o VWaste Depth
o Location of disposed wastes (above or below ground, or both)
o Emissions pathway (surface or subsurface, or both)
4. Calculate VOC Emission Rates
o All landfill configurations
o Total gas and total VOCs

o Wet versus dry geographlc regioans
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COMPILE LFG ANALYSES FOR VOCs

A literature search was conducted to compile laboratory analyses for
VOCs present in landfill gas. While published reports provided some
pertinent data, most of the data were collected directly from
laboratory analyses. Sources for many of these analyses were
engineering firme which had conducted nationwide landfill gas test
programs, monitoring of gas extraction systems, or general
environmental ianvestigations. Various references were assembled and
reviewed with regard to site descriptions, landfill gas collection
gystems, sampling and analytical methods, detection 1limits, and
other information. These provided an initial compilation of all
trace constituents sampled in landfill gas.

Selection criteria were established for references and specific
sampling events in order to derive a reliable data base; i.e., one
representative of solid waste landfills with active biological gas
production. The analytical results included in the data base met
the following criteria:

o Landfill gas samples were taken from landfills that
reportedly received only non-hazardous solid wastes and
essentially were regulated as RCRA Subtitle D disposal
gites. However, hazardous wastes from small quantity,
generators or within household hazardous wastes may have been
disposed at these landfills.

o Landfill gas samples were taken after 1982. Sampling and
analytical results obtained prior to that time were nuot
included in the data base due to questionable or inadequate
sampling methods and limitations of available analytical
techniques.

This data base identified 87 VOCs present in LFG on the basis of
samples taken and frequency of detection. However, many of these
compounds were sampled and detected at less than five of the 35
surveyed sites. Consequently, a 1list of the “typical™ LFG
constituents was derived for those compounds found in at least 50
percent of the total samples analyzed and in at least 20 percent
of the sites surveyed. This 1list includes the 16 VOCs presented
in Table 2. As shown, the range, median, and mean concentrations
are provided for comparison purposes. Note that the median values
are always less than the mean values, indicating that the reported
data are skewed, presumably due to one or more high readings for
each compound.

The permissible exposure level (PEL) established by OSHA is
included in Table 2 for each listed compound. Vinyl chloride has
the lowest PEL at 1 volume part-per-million (Vppm) and it is the
only compound where the PEL was exceeded by most of the samples.
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TABLE 2

TYPICAL TRACE CONSTITUENTS IN LANDFILL GAS

Range of Median Mean Standard *

Concentration Concentration Concentration Deviation PEL
Compound (Vppm) (Vppm) (Vppm) (Vppm) (Vppm)
Methylcyclohexane 0.02 - 19 3.3 7.2 1.7 500
Acetone 0.05 - 12 4.2 4.8 3.5 1000
Trichlorofluoromethane 0.26 - 8.8 1.4 2.5 2.8 1000
n-Hexane 0.001- 31 4.9 7.8 9.4 500
1,1-Dichloroethane 0.06 - 20 0.65 4.2 6.4 100
1,2-Dichloroethene 0.17 - 95 1.7 9.1 21 200
1,1-Dichloroethene 0.03 - 4.2 0.21 0.8 1.2 5
Methylene Chloride 0.079-380 3.8 32 74 500
Xylenes 0.001-110 5.8 16 25 100
1,1,1-Trichloroethane 0.003- 31 0.057 1.8 5.8 350
Ethylbenzene 0.012- 9] 1.7 6.2 16 100
Trichloroethylene 0.011- 44 0.51 3.1 6.8 100
Vinyl Chloride 0.03 - 50 4.7 6.9 8.9 1
Tetrachloroethylene 0.006-190 0.79 11 217 100
Benzene 0.016- 24 0.54 2.0 3.5 10
Toluene 0.004-360 7.4 217 53 200

* Permissible Exposure Level prescribed by OSHA for workplace exposure.



In addition to compound-specific identifications and coucentrations
from the analytical data base, values for total non-methane VOCs
were obtained from the surveyed sites. The median concentration of
non-methane VOCs was found to be 58.5 Vppm, which includes compounds
in addition to those listed in Table 2. VOC emission rates are
typically reported in units of mass per volume of air (or gas).
Consequently, the median value of 58.5 ppm was converted to a
mags/volume basis for VOC emissions calculations. A value of 58.5
ppm 18 equivalent to 0.000015 pounds (1lbs) of total VOCs per cubic
foot of landfill gas, assuming an average VOC molecular weight of
100 grams/mole.

SELECT LANDFILL CONFIGURATIONS

The next step for the determination of VOC emission rates was to
select representative landfill configurations. Twelve 1landfill
scenarios were selected to provide a general range of landfill sites
that typify existing disposal sites. The configurations differed on
the basis of surface areas (20 and 100 acres), total waste depth
(20, 40, 50 and 100 feet), and location of disposed wastes (above
and below ground, all below ground, and all above ground). The
configurations were consistent on the basis of shape (each landfill
was square, with length equal to width) and side slopes (above
ground side slopes were 3:1, and below ground side slopes were 2:1).

Figure 1 1llustrates the generic landfill configurations, including
side slopes and locations of wastes. Note that subsurface areas
with regard to emissions are based on the vertical projection of
each subsurface side slope. This 1is because subsurface emissions
were assumed to travel horizoantally and generally not in a downward
direction. The landfill volumes range from 592,000 to 14,320,000 cy
of refuse.

Except for the above ground landfills, surface areas greatly exceed
subsurface areas, principally because gas emissions through the
bottom of subsurface portions of the landfills were not counsidered.
For the above ground landfills, however, the subsurface gas emission
pathway did consider migration through the bottom of the landfill
and thus, the surface and subsurface areas for emissions were about
the sanme.

CALCULATE EMISSION RATES

A series of algebraic calculations was performed in order to
determine total emissions (raw landfill gas and VOCs) from the 12
landfill configurations. After a surface area (in acres) and a
depth were assigned for a particular landfill configuration, areas
and volumes relative to gas emissions were calculated. Total gas
emissions (cf/yr) were determined for each counfiguration by the
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Figure 1. Landfill Configurations
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product of the in-place waste volume (cy) and the gas generation
rates (cf/cy/yr) for both wet and dry regions. Because there is a
direct relationship between total LFG emissions and total VOC
emissions, the total VOC emission (1bs/yr) were determined simply as
the product of the total LFG gas emissions (cf/yr) and the median
VOC generation rate (1bs/cf).

Algebraic calculations were also performed to determine surface and
subsurface flux rates. Flux rates are volumes of 1landfill gas
emitted per surface (or subsurface) area of the emissions pathway
per year {(cf/sf/yr) for the VOCs, flux rates are in units of
1bs/sf/yr. Surface flux rates were defined as the maximum poteatial
emigssion rates through surface routes or pathways. When determining
surface flux rates, we assumed that all of the gases generated were
emitted through the surface pathway. That 18, no portion (zero
percent) of the 1landfill gases or VOCs are emitted through
subsurface pathways. Similarly, the determination of subsurface
flux rates assumed that all the landfill gas and VOCs are emitted
only through subsurface pathways, with =zero percent surface

emissions.

Tables 3 and 4 present estimated surface and subsurface flux rates
for landfill gas emissions and for the non-methane VOCs. At most
landfills, a portion of the gases are emitted through the surface,
and a portion are emitted through subsurface pathways. Furthermore,
a percentage of the VOCs are absorbed by the soil on the landfill
cap and/or the subsoil (for subsurface migratiom). Accordingly, the
numbers presented in Tables 3 and 4 should be considered "worst
case” values for typical solid waste landfills.

RESULTS

Table 3 presents estimated LFG emigsions and potential flux rates
for the 12 landfill configurations. In addition, emissions were
calculated for both wet and dry climates. Based on in-place waste
volumes, total gas emlissions ranged from 49 million to 1,160 million
cy/yr for the dry climates. Total gas emissions for the same
landf111l configurations iam wet climates increased by a factor of
about 2.6 (range = 124 million to 2,960 million cf/yr). The
greatest gas emissions were generated in the largest landfills (100
acres with 100 feet of total waste depth).

These total gas emlissions are derived for raw landfill gas, which
consists of about 50 percent methane and 50 percent carbon dioxide.
Thus, a reliable estimate for methane emissions is simply half the
value gshown in Exhibit 3. As an example, the landfill counfiguration
with wastes disposed 20 feet below ground, 20 acres in a wet
climate, would emit approximately 62,000 million cf of methane gas
per year.
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TABLE 3

ESTIMATED GAS EMISSIONS FROM SELECTED LANDFILL CONFIGURATIONS

Dry Climate Wet Climate
Maximum Potential Flux Maximum Potential Flux
Surface Waste Vaste Total Gas Total Gas
Area Depth Volume Emissions Surface Onty* Subsurface Only** Emissions Surface Only*  Subsurface Only**
(ac) (ftt) (MM cy) (MM cf/yr) (ct/st/yr) (cf/sf/yr) (MM cf/yr)  (ct/sf/yr) (cf/st/yr)
I. Wastes Disposed Below Ground
20 20 0.6 49 56* 485 124 162* 1,730
20 50 1.3 105 123 629 269 309 1,610
100 20 30 251 58 1,530 642 147 3,9t0
100 50 7.3 591 136 1,490 1,500 344 3,780
. Wastes Disposed Above Ground
20 20 0.6 49 56* 56%* 126 161 1420
20 50 1.2 97 108 " 248 rid 4 285
109 20 3.0 263 55 56 621 142 1642
100 50 7.0 567 128 130 1,450 328 333
ifi. Wastes Disposed Above and Below Ground
20 40 1.2 97 110* 1,360 248 281+ 3,470%
20 100 2.5 203 227 1,220 518 578 3,100
100 40 6.2 502 115 3,060 1,280 292 7,800
100 100 146.3 1,160 262 2,920 2,960 670 7,500
* Assumes all emissions are through landfill surface.
had Assumes all emissions are through sides of tandfitl.

e Assumes all emissions are through bottom of landfill.
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TABLE 4

ESTIMATED VOC EMISSIONS FROM SELECTED LAMDFILL CONFIGURATIONS

Dry Climeate Wet Climate

Naximum Potential Flux Maximum Potential Flux

Surface Waste Weste Total voOC Total voOC
Area Depth Volume Emissions Surface Only Subsurface Only Emissions Surface Onl
y Subsurtace Only
(ac) (ft) (MM cy) (tbssyr) (lbs/st/yr) (ltbs/sf/yr) {ibs/yr) (lbs/st/yr) (lbs/st/yr)
1. Wastes Disposed Below Ground
20 20 0.6 T40 0.00085* 0.010e* 1,860 0.0021* 0.026**
20 50 1.3 1,600 0.0018 0.010 4,060 0.0046 0.024
100 20 3.1 3.800 0.00087 0.023 9,600 0.0022 0.059
100 50 7.3 8,700 0.0020 0.022 22,500 0.0052 0.057
1. Wastes Disposed Above Ground
20 20 0.6 740 0.00084* 0.00085*4* 1,860 0.0021* 0.002129+
20 50 1.2 1,500 0.00167 - 0.00172 3,720 0.0042 0.0043
100 20 3.0 3,600 0.00082 0.00083 9,320 0.0022 0.0021
100 50 7.0 8,500 0.00192 0.00195 21,750 0.0049 0.0050
111. Wastes Disposed Above and Below Ground
20 40 1.2 1,370 0.0016* 0.019% 3,720 0.0042* 0.052**
20 100 2.5 3,050 0.0034 0.018 7.770 0.0087 0.047
100 40 6.2 7,530 0.0017 0.046 19,200 0.0044 0.117
100 100 14.3 17,400 0.0039 0.044 44,400 0.0100 0.112
* Assumes all emissions are through landfill surface.
ol Assumes all emissions are through sides of landfill.

bkl Assumes all emissions are through bottom of landfill.



Flux rates shown in Exhibit 3 differed significantly relative to
emissions pathways, differed to a lesser degree relative to landfill
configuration, and differed by a factor of about 2.6 for wet versus
dry climates. In all cases, the subsuface emissions pathway yields
the higher potential flux rate. Except for the above ground
landfills, the subsurface flux rate greatly exceeded the surface
flux rate, generally by factors from 5 to 26. For the above ground
landfills, however, the surface and subsurface flux rates were
similar.

Landfill configuration affects the resultant emissions flux rate but
not to a large extent. That 1s, if waste depth is increased, there
is a direct proportionmal increase in surface flux rates and, for
above ground landfills, in subsurface flux rates. If surface area
i1s 1increased as much as five-fold, the surface flux rate remains
about the same. However, this same five-fold increase in landfill
surface area resulted in a more than two-fold increase in the
subgurface emissions flux rate. The exceptions to this relatiomship
were the above ground landfill configurations, where the subsurface
flux rate did not change significantly with surface area.

Exhibit 4 presents estimated VOC emissions and potential flux rates
for the same landfill configurations. Because there is a direct
proportiounal relationship between estimated LFG emissions and total
VOC emissions, the impacts of variables such as surface area, waste
depth, and climate are the same as those discussed above. The VOC
emissions were calculated on the basis of mass emitted annually
(1bs/yr), and ranged from 740 to 17,400 1bs/yr for the 1landfill
configurations located in dry climates. Total VOC emissions for the
same landfills in wet climates increased by a factor of about 2.6
(range = 1,860 to 44,400 1lbs/yr).

CONCLUSIONS

Compilation of literature sources and empirical data from landfill
test programs provided estimates of landfill gas and VOC emission
quantities for a variety of 1landfill configuratious. Subsequent
calculations provided corresponding surface and subsurface flux
rates. OQur conclusions are as follows:

1. Total landfill gas emissions ranged from 49 to 2,960 million
cf of gas per year. Since 1landfill gas consists of 50
percent methane, annual methane emissions can be estimated to
range from 24 to 1,480 million cf of methane per year.

2. Total VOC emissions ranged from 740 to 44,400 pounds per year

(0.37 to 22.2 tons per year), assuming a molecular weight of
100 for the non-methane VOCs present in landfill gas.
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3. Landfill emissions are greater for sites located in wet
climate regions due to the amount of avallable moisture
required for biological activity. In general, gas and VOC
total emissions were estimated to be about 2.6 times higher
in wet climates versus dry climates.

Our emission calculations were based on several simplifying
assumptions which were applied to a limited number of landfill
configurations. For example, a single gas emission rate for VOCs
provides a rough measure of actual emissions at landfill sources.
Similarly, the use of only two gas generation rates (for a wet and
dry climate) 18 a generalization. In addition, surface and
subsurface flux rates normally do not occur 1in the absence of the
other.
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A CONTROL CHART STRATEGY FOR
GROUND WATER MONITORING

George T. Flatman, Exposure Assessment  Research Division,
Environmental Monitoring Systems Laboratory, Las Vegas, Nevada;
Thomas H. Starks, Environmental Research Center, University of
Nevada - Las Vegas, Las Vegas, Nevada

ABSTRACT

Monitoring the groundwater around a waste impoundment site presents
a statistical problem in testing compliance or leaking. Two types
of errors are present 1in statistical tests, and both are
undesirable. If the test is designed for early detection, there may
be too many false positives. This means an out-of-control state is
declared when it does not exist and unnecessary increased sampling
is started. 1In contrast, if the test is designed for conservative
detections, there may be too many false negatives. That means an
in-control state 1s declared when an out—-of-control state exists and
pollution takes place undetected.

One commonly used statistical procedure that suggests an answer for
this type of problem is control chart methodology. This poster
session explains control chart decision logic and applies two of the
more promising types to actual data. The Shewhart chart is designed
to detect a large, binary leak from a seasonal or random
fluctuation. The Cusum chart is designed to detect a growling leak.
A monitoring strategy that uses a combination of these two charts is
discussed.

INTRODUCTION

Under the Resource Conservation and Recovery Act of 1976 (RCRA), the
U.S. Environmental Protection Agency has developed regulations for
landfills, surface impoundments, waste piles, and land treatment
units that are used to treat, store, or dispose of hazardous
wastes. These regulations include requirements for the monitoring
of ground water in the top aquifer below the hazardous waste site
(HWS). This monitoring involves the drilling of wells into the
aquifer up-gradient and down-gradient of the HWS, and the sampling
and analysis of well water at regular time intervals to help
determine whether leachate from the HWS has entered the aquifer.
There are several as yet unsolved problems in this monitoring
program. These problems include determination of appropriate
methods for obtaining accurate measurements of some constituents
such as volatile organics, specifications for well comstruction, and
detection and accommodation of shifting direction and rate of
aquifer flow. However, this paper discusses the problem of
developing good decision rules for determining when additional
regulatory action may be required and recommends that the
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development be based on a realistic model for the ground-water
measurements. Industrial quality control schemes are considered in
terms of their possible application to the ground-water monitoring
decision problem.

GROUND-WATER CHARACTERISTICS

To develop a reasonable model for the measurements of GQP, some
discussion of ground-water characteristics 1s required. The
horizontal velocity of water in an aquifer is slow (a few meters per
day 1is considered a high velocity), and lateral dispersion of a
contaminant is considerably slower than fluid flow; this means that
pPlumes do not widen to any great extent as they extend through the
aquifer (Freeze and Cherry, 1979). At a particular sampling time,
the water at different wells near a HWS will have entered the
aquifer at different times and therefore will carry different
concentrations of various monitored constituents. Hence, the value
of a monltored parameter may be increasing at one well while it is
decreasing at another. Concentrations of contaminants in samples of
ground-water may also change because of changes in water table. A
high water table resulting from recent rains or flooding may cause a
reduction 1in measured concentrations of a pollutant because of
dilution of the contaminant or because the contaminant is floating
at the top of the aquifer which is now above the well screen.
Therefore, changes in the water table may have similar and virtually
simultaneous effects on all wells near a HWS.

PROBLEMS ASSOCIATED WITH THE ANALYSIS OF GROUND-WATER DATA

There are several characteristics of ground-water monitoring data
that severely complicate the development of statistical decision
Procedures. They are as follows:

1. Chemical analysis of water samples 1s expensive (sometimes on
the order of $1,000 per sample);

2. Several water quality parameters are monitored;

3. Changes in aquifer water quality and flow characteristics are
effected by human intervention off the HBWS such as
intermittent pumping of water from the aquifer or accidental
spills of pollutants into the aquifer;

4. PFor some monitored substances such as volatile organic
compounds, measurement error varlance and bilas tend to be
large;

5. PFor some monitored substances, the chemical analyses will

result in “below 1instrument detection 1limit" or “not
detected” for most of the water samples submitted; and
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6. It is difficult to obtain comsecutive samples from a well at
a particular sampling time that are true replicates because
of a tendency for such observations to follow trends.

High costs of analyses and large measurement variances make it
difficult to obtain an adequate number of background measurements to
characterize the system. Similarly, it is costly to obtain a
sufficient number of samples and aliquots at a monitoring well to
estimate current GQP values with high precision or to provide tests
with good power characteristics.

The fact that the values of several water quality parameters are
being monitored at each of several down-gradient wells implies that
in each sampling period, many decisions must be made as to whether
parameter values at down—gradient wells have increased sufficiently
to Justify some form of regulatory action. If a separate test of
hypotheses is performed for each of these decisions, the probability
of falsely rejecting at least one null hypothesis is likely to be
quite high even though the probability of such a false-positive is
low for each test. While the simplest and most typical reaction to
a large concentration that signals the occurrence of an wunusual
event 1s to take another sample to confirm the measurement, one
cannot be complacent about false alarms since the cost of taking
unnecessary additional samples can be a heavy burden for the HWS
owner. To reduce the number of tests, one might think of using a
multivariate procedure such as Hotelling's T2-test (Anderson, 1984),
but such tests usually require estimation of the covariance matrix
of the vector of measurements. Unfortunately, the number of
sampling periods required to obtain the data to estimate the
covariance matrix 1s greater than the dimension of the observation
vector. Costs and start-up time restrictions make it unlikely that
the covariance matrix could be adequately estimated from
measurements taken prior to start-up of the HWS. In addition, human
intervention is 1likely to change the covarlance matrix of the
observations during monitoring. Beyo these problems with the
covariance matrix, a significant large T“~value does not necessarily
imply an wunusual increase in any of the monitored chemical
concentrations.

Another and probably better approach to the multiple tests problem
is to use the Bonferonni simultaneous inference technique (Miller,
1966) which prescribes the use of a significance level of o/m for
each of the m tests to be performed at a given time of sampling so
as to keep the overall probability of making at least one false
positive (Type 1) error at or below o« Naturally, the reduction of
the significance levels of the individual tests from o to o/m also
reduces the power of the tests.
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The "below instrument detection 1limits” measurements of a water
quality parameter are impossible to employ in the types of
statistical analyses and decision rules mentioned above. While in
many cases these qualitative statements can be replaced by
instrument values obtained in the chemical analysis, these numbers
are likely to have a congiderably different error distribution than
will observations that are above the 1nstrument detection limits.
The decision as to whether an above-detection-limit measurement
represents an Ilncrease in the mean concentration of the chemical
over previous “not detected” readings is often a question which must
involve the analytical chemist because of his knowledge of the
quality of the current measurement. Statistical methods proposed by
Aitchison (1955) for positive continuous random variables with
positive probability mass at zero may be useful here; these same
statistical methods were considered in terms of air monitoring by
Owen and DeRouen (1980).

An inability to obtain true replicate samples makes it impossible to
estimate sampling variance and difficult to obtain desired levels of
precision for quality estimates.

CONTROL CHART SCHEMES

If the slow flow of water and the narrowness of plumes in the
aguifer make the tests of means and interactions inappropriate and
i outlier tests are lacking in power, what other decision
{tocedurea might one apply? An approach suggested by Vaughan and
ussell (1983) for monitoring effluent from waste treatment plants
is to use 1industrial quality control schemes. Such schemes compare
an observation with the observations that came before it at that
location.

A prime consideration in using industrial quality control methods to
monitor ground-water quality at a HWS 1s that it separates effects
of location and well construction from the decision process.
Instead of comparing the concentration of a monitored chemical at a
particular well with measurements at other wells, one compares the
current megsured concentration with the past history of measured
concentrations of the chemical in water from this well. Some other
advantages and also some disadvantages related to the earlier 1list
of problems with ground-water measurements, will become evident as
the nature of quality control schemes is presented.

Discussion in this section 18 restricted to one-gsided control
schemes because the common concern in monitoring 1is to detect an
increase in pollutant concentration. The extension to two-sided
schemes is straightforward if they are needed for an indicator such
as pH.
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SHEWHART CHARTS

The Shewhart (1931) quality control chart is one of the oldest and
simplest of the industrial quality control procedures. The chart is
simply a graph of time of sampling, or sample number if samples are
equally spaced in time, versus the sample mean value for the quality
parameter being monitored. Time, or sample number, 1s the abscissa
and sample mean value 1s the ordinate of a point on the graph.
Typically the horizontal axis is positioned so as to intersect the
vertical axis at the steady—-state mean value, p for the quality
parameter. A horizontal 1line 1s also drawn to intersect the
vertical axis at u+Zowhere Z is the upper o quantile of the
standard normal distribution and o is the 1long-run standard
deviation of the sample means. This 1line 1is called the upper
control limit, and when a point falls above the line, the process is
declared out of control. The average in-control run length (i.e.,
the average number of samples between declarations that the system
is out of control, when in fact it is in comtrol) is 1/ if the
sample means have a normal sampling distribution. The commonly used
value of Z 1is 3, for which the corresponding value of o 1is
0.0013. In industrial quality control, the sample sizes are usually
somewhere between 5 and 10 depending on cost and internal
variability between members of a sample.

Lorenzen and Vance (1986) give a procedure for determining on an
economic basis the sample size n, Z, and the time between samples.
It would appear that their approach could be generalized to other
control schemes and to ground-water monitoring situationms.

A second control chart is often kept for the variability of the
product. It is similar to the Shewhart chart for the sample means,
only now the ordinate is the sample range, or standard deviation,
and the horizontal lines representing upper and lower control limits
are located on the basis of the distribution of the statistic
sample range or sample standard deviation) under the assumptions of
a normal distribution for the quality parameter measurements. In
practice the lower 1limit is seldom used (Guttman et al., 1982).
This chart is not nearly as robust with respect to the assumption of
normality as 1is the chart for the sample means, and so
out—-of—control situations for variability must be viewed with more
skepticism than similar results on the means chart. If the
variability of measurements of the quality parameter changes, the
height of the upper control line on the Shewhart chart for means is
adjusted accordingly, or action is required to bring the variability
back to its previous level.

THE CUSUM QUALITY CONTROL SCHEME

The CUSUM (for cumulative summation) control scheme derives from a
paper by Page (1954) and is somewhat more complicated than the
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Shewhart chart. (A review article by Lucas (1958a) gives the
current state of development of this procedure). The CUSUM control
scheme makes use of information in the present sample and 1in the
previous samples in reaching decisions as to whether the process is
in control, whereas the Shewhart chart makes decisions on only the
current observation (i.e., the Shewhart chart is a graphical
representation of a sequence of individual tests of the mean,
whereas the CUSUM scheme 1is a sequential probability ratio test of
the mean). The one-sided CUSUM scheme involves the computation of a
cumulative sum S which for the ith sample is given by the formula.

Si"ll&!{ﬂ, zi-k+81-1}

where zj 1s the standardized ith sample mean (i.e., zy ={;1 - u3/6)
and k is a parameter of the control scheme. When Si exceeds a
specified value h, the process is declared out of control (i.e., in
pollution monitoring a decision 1s made to begin additional
monitoring activity). The values of h and k are chosen to obtain
desired average run lengths (ARL) under in-—control and specified
out-of-control situations. For a scheme designed to be sensitive to
changes in mean quality of size D , k is usually chosen to be D/2,
and h {8 selected to give the largest in-control ARL consistent with
an adequately small out-of-control ARL consistent with an adequately
small out-of—control ARL. Typically Sg is taken to be 0; however,
Lucas and Crosier (1982a) have suggested that by employing a
slightly higher value of h and starting with S0=h/2, ome can
decrease out-of-control ARL while maintaining in—control ARL. They
also give tables of ARL for in—control and out-of-control situations
and various values for h and k. However, if one 13 reasonably
confident that there is no contamination coming from the HWS at the
start, then one can start with Sg=0 and can somewhat decrease the
chance of an early false positive.

Example 2:

To illustrate the Shewhart and CUSUM schemes, random normal
(u=10, 62=4) deviates were drawn from a table of such numbers.
To illustrate an out—of-control situation, 2 was added to each of
the numbers drawn after the fourth (i=4). These numbers are to
represent the sample means of a process that went out of control
between the fourth and fifth samplings. The in—contgrgl situation
has sample means distributed N (10,4), so z; = (X3 - u)/o =
(Xgf - 10)/2. The CUSUM scheme (Table 2) indicates that a
decision to take action (process 1is out of control) should be
made at 1=10. The CUSUM chart (Figure 1) gives a visual
impression of when the process went out of control. The
corresponding Shewhart chart with an upper control 1limit of
(u +36)=16 1s given in Figure 2.

This example illustrates the weakness of the standard Shewhart chart
in detecting small changes in the value of the mean. One way to
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TABLE 2. CUSUM QUALITY CONTROL SCHEME

{k=0.5, h=5)

In-Control Qut-of-Control at i=5
i X z E X z E
0 0 0
1 14.504 2.252 1.752 14.504 2.252 1.752
2 11.108 0.554 1.806 11.108 0.5514 1.806
3 7.594 ~-1.203 0.103 7.5094 -1.203 0.103
y 7.580 -1.210 0.000 7.580 -1.210 0.000
5 11.588 0.794 0.294 13.588 1.794 1.294
6 12.002 1.001 0.795 14.002 2.001 2.595
T 10.434 0.217 0.512 12.43% 1.217 3.312
8 9.378 -0.311 0.000 11.378 0.689 3.501
9 10.708 0.354 0.000 12.708 1.3514 4,355
10 11.278 0.639 0.139 13.278 1.639 5.494Y
18 —
16—---—--—-—-——-
14 ’
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Figure 2. Shevhart quality control chart
(v=10, o0=2)
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Figure 1. The CUSUN control chart
{k=0.5, h=5)
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reduce this weakness in the Shewhart chart is to declare the process
out of control whenever there are r successive sample means with
value above u. The value of r 1s usually chosen to be 7 or 8.
However, this procedure also reduces the in-control ARL.

THE COMBINED SHEWHART CUSUM SCHEME

The Shewhart scheme 1is better than the CUSUM scheme in quickly
detecting large (>30 ) shifts in the mean .., whereas the CUSUM
scheme 1is usually faster in detecting a small change in that
persits. Bissell (1984) has also shown that the CUSUM scheme 1is to
be preferred when the mean is increasing in a linear time trend. To
take advantage of the good properties of both tests, Lucas (1982)
suggested combining the two procedures. This is accomplished by
declaring the process out of control if the CUSUM S; is above
specified upper Shewhart 1limit or 1if the CUSUM Sy is above a
specified 1limit h. To keep a reasonable in—control ARL, ILucas
suggests using an upper Shewhart control level of (u +4¢). Lucas
calculated that if this upper Shewhart control limit 1s used with
CUSUM parameter values k=0.5 and h=5, the in-control ARL is 459
while the out-of-control ARL is 10.4 if the true mean shifted upward
by o and only 1.6 1f the mean shifted upward by 4o . If the nature
of the data is such that there are occasional outliers (perhaps
because of contamination of samples during handling and processing),
Lucas and Crosier (1982b) suggest the use of two-ln-a-row rule.
That is, require values in two successive samplings above the upper
Shewhart control limit before declaring an out-of-control situation
based on the Shewhart control limit being exceeded.

For measurements that are typlcally near or below the 1instrument
minimum detection limits, it may be possible in some cases to treat
the measurements, or some transformation of the measurements, as
Poisson count data (Ingamells and Switzer, 1973). Lucas (1985b) has
discussed how the CUSUM quality control approach can be employed
with Poisson count data.

MULTIVARIATE QUALITY CONTROL SCHEMES

In monitoring ground water at a HWS, the concentrations of a several
GQP may be measured at each of several monitored wells. If a
quality control chart is kept for each parameter at each well, then
one has the problem that while the chance of a false alarm 1s kept
small for each chart, the overall probability of a false alarm
becomes large (i.e., the in-control ARL for the whole set of charts
may be quite small in spite of large in—control ARL's for each
individual chart). This problem is addressed in survey papers by
Jackson (1985) and Alt (1985). One approach is to use a control
scheme that in effect performs a Hotelling's T2 test on each
sample. This is essentially a two-sided procedure in that
abnormally low concentrations or unusual combinations of moderate
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concentrations as well as abnormally large concentrations of some

pollutants may trigger the alarm. The statistic calculated at each
time of sampling is

T2 = (X - ug) Is-1(X- ug)

where X is the vector of (transformed) parameter measurements at the
monitored wells, up is the steady state mean vector and is the
(positive definite) covariance matrix for the vector of the random
variables corresponding to X. Under assumptions of multivariate
normality for the measurement vector, T2 will have a chi-square
distribution with degrees of freedom equal to the dimension of the X
vector when the system is in steady state. Hence the control chart
1s similar to the Shewhart chart in that each observed T2-value is
plotted against the number of its sampling period, and the system is
declared out of control T“ exceeds an upper control limit which is
the wupper 100 -percent point of the appropriate chi-square
distribution. Jackson and Mudholkar (1979) have  suggested
additional statistics that might be monitored to determine whether
outliers or changes in have occurred. Montgomery and Klatt (1972)
have determined optimum sample size and Interval between sampling
times for the T control procedure.

A procedure, call MCUSUM for multivariate CUSUM, proposed by Woodall
and Ncube (1985) advocates running individual CUSUM charts on the
different GQP or on principal components of the GQP values and
choosing h and k 80 that the combined ARL under in-—control
conditions will be acceptable. Unfortunately, when running CUSUM's
on measurements of individual GQP where measurements on different
parameters or on the same parameter from different wells are
correlated, the calculation of appropriate values for h and k 1is
extremely difficult. If principal components are used, computation
of appropriate h and k values 1is easier to perform, but the control
charts for principal components will have to be two sided in most
cases, and when action levels are exceeded, 1t 1is difficult to
interpret the cause, and it may not be due to excessively high
concentrations of a mgnitored parameter. (This is the same problem
encountered with the T* procedure.)

A DECISION PROCEDURE USING A CONTROL CHART SCHEME

A decision procedure for ground-water monitoring must be adaptive
and pragmatic. It must be in accord with available knowledge about
the aquifer being sampled. At the beginning of sampling when little
information about the system is available, simple procedures such as
outlier tests should be employed. As more information about the
mean and variance of measurements taken at the various wells becomes
available, changes to more powerful procedures should be possible.
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At the end of a year of sampling (at least once per quarter at each
up- and down-gradient well), the temporal variance for each GQP may
be estimated by using the analysis of varlance procedure discussed
earlier. With this variance estimate and the sample mean for the
GQP at a well, one can 1nitiate a combined Shewhart-CUSUM scheme
with possible inclusion of the robust two-in-a-row rule of Lucas and
Crosier (1982b) that was mentioned above. At this stage it would be
well to choose a larger than normal CUSUM threshold value h, because
of the lack of precision in the estimation u and ¢ . At the end of
each year, provided a basic change in the system (i.e., the aquifer)
has not occurred, the year's data should be combined with the data
from previous years to obtain improved estimates u and o . The
quality control scheme should then be updated by using these new
estimates. If experience indicates a fairly steady system and that
the estimates of u and o are reasonably accurate, the value of the
threshold h in the CUSUM may be reduced to increase the power of the
scheme in detecting changes in u that may be due to leakage from the
ms.

When the control scheme for a GQP at a down-gradient well indicates
an out-of-control situation, the pattern of change in measurements
of the GQP at this well should be compared to the patterns observed
at the up-gradient wells. If a similar pattern was observed earlier
or 1s currently at one of more up—gradient wells, it would indicate
that the out-of-control situation is being caused by something other
than the HWS and that increased monitoring activity would not be
required. The importance of monitoring up-gradient wells and
keeping corresponding control charts on them cannot be
overemphasized. They are the principal means of determining when
out-of-control situations down-gradient are caused by off-HWS
activities. In addition, when similar patterns cannot be found
up-gradient, they give greater confidence to a call for additional
monitoring action in down-gradient out—of—control situatioms.

The combined Shewhart-CUSUM procedure was selected here because
different types of leakage (e.g., small or massive) are possible at
a HWS. The robust two-in-a-row rule should be considered because
gross errors in GQP measurements are a problem which 1s usually due
to contamination of some stage of the measurement system. It would
be useful in situations where the slow flow of water in the aquifer
allows the wait for a decision till the next sampling period without
significantly increasing health risks or remedial costs if a leak
has occurred. However, in most cases, it will be necessary to
follow the current procedure of checking for measurement error by
taking a second sample at the well as soon as possible after an
unusually high sample measurement is obtained. Multivariate control
schemes do not appear appropriate to ground-water monitoring because
of the amount of information required to accurately estimate the
covariance matrix.

1-124



PROBLEMS ASSOCIATED WITH THE QUALITY CONTROL APPROACH

There are some difficulties to be overcome in the application of
quality control methods to the monitoring of HWS. Before a quality
control scheme can be instituted, the system must be sampled in a
steady state situation over a long enough period to obtain good
estimates of its first and second moments. Intervention by humans
and nature may make it difficult to study a system in steady state
condition for a long enough period to establish a control scheme.

The control schemes are based on the assumption that measurements
are approximately normal in distribution. In industrial quality
control, several samples are taken and their measurements are
averaged so as to obtain a measurement for the sampling period that
is approximately normal and has reasonable small variance. The high
cost of sample analysis and possible redundancy of measurements of
successive ground-water samples make it difficult to employ this
procedure here. Data transformations may provide near normality of
the data, but they cannot help in considerations of power of the
text implicit in the quality control scheme.

Cyclic trends 1n GQP values are hard to detect, measure, and
remove. However, failure to remove such trend can have serious
effects on the quality control scheme.

SUMMARY

It is essential that a realistic workable model for the measurements
be formulated and used both in construction and evaluation of
decision procedures. Tests based on unrealistic models will not
succeed in providing an answer to the ground-water monitoring
decision problem no matter how simple and elegant the test may be.
The formulation of good decision procedures (i.e., procedures that
glve few false positives and few false negatives and that are based
on an affordable data base) for determining when increased
monitoring activity is needed at HWS is extremely difficult because
of the high cost, low precision, and multivariate nature of

ground-water monitoring data along with system instability which is
due to intrusions of the aquifer caused by man outside the HWS.

The application of industrial quality control schemes to each type
of water quality measurement from each well or to a vector of the
measurements from each well or from all monitored wells was
discussed. The advantages of the quality control approach are that
it provides a method for looking at what is happening to water
quality over time and that it gives users a better feel for the
nature of the data that they have obtained than a simple test of
means does. A sequence of decision rules starting with outlier
tests and ending with combined Shewhart CUSUM control schemes is
suggested as a reasonable approach to monitoring ground-water at a
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HWS. ©Unfortunately, quality control schemes do not solve all the
problems involved 1in determining a statistical decision rule for
when an alarm should be sounded. Problems Iinvolving cost and
precision of measurements will ultimately have to be solved by
improvements in measurement technology.

NOTICE

Although research described in this article has been supported by
the United States Envirommental Protection Agency, under Cooperative

Agreement CR 812189-01, it has not been subjected to Agency review,
and therefore does not necessarily reflect the views of the Agency,

and no official endorsement should be inferred.
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THE USE OF GEOSTATISTICS FOR CONTOUR MAPS

Evan J. Englund, George T. Flatman, Exposure Assessment Research
Division, Environmental Monitoring Systems Laboratory, Las Vegas,
United States Environmental Protection Agency, Las Vegas, Nevada

ABSTRACT

Monitoring data are spatial variables, called regional variable in
geostatistical text books. This means they have locations as well as
amount of pollutant, and they are correlated in space. Structural
correlation means that samples that have locations close together
usually have similar amounts of the pollutant, and samples with
locations farther apart have less similar amounts of the pollutant.
Experience in monitoring confirms that monitoring data have these
characteristics and need spatial analysis or geostatistics.

Spatial variables are not adequately described by a mean and a standard
deviation, but rather they must be described by a control map of means
and a contour map of interpolation errors or kriging errors. This
poster session will show contouring of actual pollution plumes with
discussion of problems such as outliers.

MONITORING ACTIVITIES BASED ON GEOSTATISTICS

The number and location of sampling sites and the frequency of sampling
are essential decisions in all monitoring activities. To improve the
statistical basis for monitoring activities, researchers at EPA's
Environmental Monitoring Systems Laboratory in Las Vegas are adapting
geostatistical methods and times series analysis to the space and time
problems of monitoring, with particular attention to soil and
groundwater pollution. These approaches will improve the design of
sampling programs and the interpretation of monitoring data.

Pollution plumes generally spread in a contiguous manner. Thus, samples
taken close to one another in space or time should be more alike than
samples taken further apart. Such samples are called "correlated" or
regional variables. The contaminant levels in samples of such closely
associated variable obey different statistical laws than "random"
variables.

Sampling of random variables assumes that each sample value is
unrelated to the proximity in time or space of other sample values.
Thus, the best sampling schemes for this kind of variable are random
sampling designs. The variability of the pollution concentrations at
the site and the uncertainty in the data that is acceptable determine
the sample size. The larger the variation at the site or the smaller
the acceptable uncertainty, the larger the number of samples that must
be taken.

For correlated variables, the best sampling schemes are systematic

approaches, such as sampling on grid, instead of random sampling. The
number of samples required for correlated variables as for random
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varibles is determined by the variation in pollutant levels at the site
and the acceptable uncertainty. But analysis of correlated variables
can use the relationships between samples to reduce the number of

samples needed.
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Figure 1. A semi-variogram

THE SEMI-VARIOGRAM

The semi-variogram is a geostatistical tool based on information about
time or space relationships between sample observations. The
semi-variogram in Figure 1 graphically shows the relationships between
observations in terms of the distance from each sample to each of the
other samples. The x-axis represents the distance between sample
points, and the y-axis represents the "variance" of the difference in
pollutant 1levels between pairs of samples which are equal distances

apart.

Since both the distance and the difference between two samples of
correlated variables taken at the same point are zero, their point of
intersection on the graph corresponds to the intersection of the x and
y axis. when the distance between two samples increases and their
correlation weakens, the difference in their values also increases,
resulting in a rising curve or semi-variogram. As the difference
between samples becomes sufficiently great, the sample values become
independent of each other. Their difference becomes more nearly
constant, and the curve becomes a horizontal line. The distance along
the x-axis where the semi-variogram is rising represents the "range of
correlation,”" the distance within which samples are related. This range
is used for determining the grid design for sampling, for contouring
pollutant concentrations on a map, and for calculating the
uncertainties in contouring.

SAMPLING STATEGY

In practice an initial semi-variogram can be constructed on the basis
of preliminary sampling undertaken in the area of suspected
contamination. A semi-variogram can be computed from the sample data by
analyzing all possible pairs of the data. For example, in Figure 2
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point 1 through 5 might represent soil samples. There are four pairs (1
and 2, 2 and 3, 3 and 4, 4 and 5) of these samples separated by a
distance equal to A. Thus, for the x-axis value of A, the y-axis value
would be the variance of the differences of these four pairs. In
practice, even for a small preliminary sample, the calculations of all
possible pairs can be so long that a computer program must be used. If
the correlation among samples is weak——that is, samples close together
or far apart have similar differences—the semi-variogram approaches a
horizontal line. A horizontal semi-variogram implies that the variable
is random and can be represented simply be a mean and a variance. If
the correlation is strong, then the differences between samples taken
close together are smaller than differences between samples taken
further apart, and the semi-variogram is a rising curve as shown in
Figure 1.

-
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Figure 2. Possible pairs of sampling points.

The spacing of sampling points for intensive sampling can be determined
using the semi-variogram as a guide. A grid designed to cover the area
to be monitored provides a tool for determining sample sites, with
samples taken at each grid intersection. Usually a grid spacing of
about two-thirds the range of correlation insures that the sampling
points in the intensive sampling phase are close enough to each other
to have correlated values. To sample at closer distances would provide
little new information while greater spacing could miss a change in
pollution levels. The results of the intensive sampling can be used to
refine the semi-variogram and confirm the appropriateness of the
sampling distances.

KRIGING

A technique called "kriging" interpolates pollution levels at points
between the sampling sites so that “isopleths" of pollution levels can
be drawn on a map. The kriging estimate of the pollutant level at any
particular point is the weighted average of the nearest neighboring
sample values. The size of the neighborhood is determined by the range
of correlation. The result in an isomap, a contour map with isopleths
tracing the lines of equal values. Figure 3 presents pollutant levels
for a study area in Southeast Ohio. Isomaps can be used as overlays for
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aerial photographs or maps of the study area. The three-dimensional map
show in Figure 4 is another way of presenting data shown in Figure 3
and clearly distinguishes the same high and low pollutant levels.

Kriging also can compute the standard errors of estimation for the
estimated samples values using the range of correlation. These error
estimates can also be mapped. Fiqure 5 contours the standard errors of
estimates or the concentration levels shown in Figures 3 and 4.

By using these three types of geostatistical outputs, a decision maker
can identify areas requiring cleanup, more sampling, or no action. A
cleanup area would be delineated by pollution averages which are above
a chosen action level and standard errors which are below a chosen
acceptable level. An area for more investigation would have high values
for both pollution averages and standard errors, and an area for no
action would have low values for both.

To date, the Laboratory’s efforts have been directed toward applying
geostatistical techniques to two-dimensional problems, such as
contamination of surface soil. Future efforts will investigate the
feasibility of using similar techniques in addressing three-dimensional
problems, such as those encountered in groundwater contamination.

NOTICE

Although the research described in this article has been supported by
the United States Envirommental Protection Agency, it has not been
subjected to Agency review, and therefore does not necessarily reflect
the views of the Agency and no official endorsement should be inferred.
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Figure 3. Kriging of benzo-a-pyrene concentration in soil.
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Figure 4. Three dimensional representation of data used for Figure 3.
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6 km

Figure 5. Standard errors of estimates for benzo-a-pyrene concentration in soil.

By using these three types of geostatistical outputs, a decision maker
can identify areas requiring cleanup, more sampling, or no action. A
cleanup area would be delineated by pollution averages which are above
a chosen action level and standard errors which are below a chosen
acceptable level. An area for more investigation would have high
values for both pollution averages and standard errors, and an area for
no action would have low values for both.

To date, the Laboratory’s efforts have been directed toward applying
geostatistical techniques to two-dimensional problems, such as
contamination of surface soil. Future efforts will investigate the
feasibility of using similar techniques in addressing three-dimensional
problems, such as those encountered in groundwater contamination.
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UTILITY OF IMMUNOASSAY FOR TRACE ANALYSIS
OF ENVIRONMENTAL CONTAMINANTS

Jeanette M. Van Emon, Research Molecular Biologist, EMSL, U.S.
Environmental Protection Agency, Las Vegas, Nevada

ABSTRACT

Immunochemical technology is being rapidly applied to solve problems
in environmental chemistry. Immunoassays such as the enzyme-linked
immunosorbent assay (ELISA) are sensitive bioanalytical procedures
applicable to many classes of compounds. Immunoassay development
must be guided by the basic principles of analytical chemistry.
Sample collection and preparation, and data acquisition and handling
all need to be optimized.

INTRODUCTION

Improvements in selectivity, sensitivity, speed, and simplicity are
important goals in analytical chemistry (Milby and Zare, 1984). The
evolution and application of new analytical methods will help meet
these requirements., Since their 1introduction, immunoassays have
become widely used for the analysis of proteins, hormones, and
drugs, and are rapidly being extended to pesticides, and
environmental contaminants (Table I). Immunoassays utilize specific
antibodies and a detectable label on either antibody or antigen.
The high selectivity of immunoassays 1is assured by the inherent
selectivity of immunological reactions, their sensitivity 1is
determined by antibody affinity and by the detection 1limit of the
label.

Immunochemical methods of analysis offer advantages of sensitivity,
specificity, and speed of analysis (Hammock and Mumma, 1980).
Compounds which are most difficult to analyze by classical
procedures are frequently amenable to analysis by immunochemistry.
Immunoassays are especially applicable to compounds that: 1) must
undergo extensive derivatization for gas chromatography or
high-pressure 1liquid chromatography; 2) are water soluble; 3)
require a multi-step sample preparation, and 4) are chemically
complex. In several of these instances, Iimmunoassays not only
complement other analytical techniques but may be the most practical
method. Products of biotechnology such as genetically engineered
microorganisms, plant gene manipulations, and fermentation products
are particularly amenable to immunochemical detection.

ASSAY FORMATS

Several different immunoassay formats are currently in use. As the
technology becomes more commercialized many other assay permutations
can be expected. Some of these new assay designs will be developed
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to solve a particular need, while others will be introduced as
slight modificatious to existing procedures. Whatever the assay
design, each is dependent on the highly specific antigen-antibody
reaction. Although antibodies are biologically derived reagents,
immunoassays must not be confused with bioassays. These two
techniques are fundamentally distinct and are based on different
principles.

ANTIBODIES

Polyclonal antibodies are adequate for most immunoassays, however,
monoclonal antibodies could be developed against pesticide and
envirommental contaminants yielding an analytical reagent that is
physically, chemically, and immunologically homogeneous. The large
supply of monoclonal antibodies could facilitate the standardi-
zation of immunocassays as several laboratories would be using the
same antibody clome. Although a very small amount of antibody is
needed per assay, bhaving a large supply of monoclonals could
alleviate fears of eventually exhausting the supply. Yet, it is
important to consider that, in some cases, polyclonals will be
superior to monoclonal antibodies (Hammock and Mumma, 1980).
However, as immunoassay moves into the private sector, there will be
coupelling administrative and legal pressures to employ monoclonal
antibodies (Van Emon et. al., 1985).

ADVANTAGES OF IMMUNOASSAYS

For a chromatographic analysis, unless a large number of expensive
instruments are employed, usually just one analysis can be done at a
time by one person (Chait and Ebersole, 1981). With immunoassays,
many analyses can be performed at once by a single individual
without elaborate apparatus, and the results can be monitored
visually in some cases, eliminating an instrumental detector.

Immunochemical methods, traditionally unfamiliar to the residue
chemist, offer exciting possibilities for newer cost-effective
approaches for residue analysis (Hemingway, 1984). Affinity columns
loaded with antibody could selectively remove and clean-up an
analyte from solution before analysis by a conventional method.
Immunocassays could also be used as selective detectors for
chromatographic separation techniques.

The analytical wuse of antibodies enables substances to be
quantitated at low levels in crude extracts. The costly and time-
consuming steps of extraction and isolation required of many other
analytical methods can often be avoided. This elimination of steps
reduces the amount of error in the procedure. Due to the minimal
sample preparation and speed of analysis, immunoassays are excellent
screening methods for the more expensive analytical techniques such
as gas chromatography/mass spectrometry.



Since the assay is performed in an aqueous media, slightly different
methods of extraction and sample preparation should be expected.
Such changes should result in an overall simpler procedure.
However, extraction and procedural efficiencies must be determined
for each assay.

Antibodies which will detect parent compound plus toxic metabolites
could be used in combination with one or more highly specific
antibodies to quantitate several compounds of ianterest. If the
antibody is of moderate specificity, ome can develop a general
screening assay for the presence of a class of compounds or the
presence of a specific functionality. However, if one needed to
analyze several different compounds simultaneously in one matrix,
immunoassay may not be the method of choice, due to the large amount
of controls and standards needed. Immunoassays could be
successfully used for the rapid screening of a large number of
samples for the presence of specific types of compounds and for
confirmatory tests (Ercegovich, 1971).

Immunoassays can be optimized for speed, portability, or
sensitivity. Highly sensitive assays can be developed for research
purposes, but by using the same reagents one can develop an assay
that will give a quick qualitative answer in real time. Such rapid
assays can be performed on site. Immunoassays can be adapted as
simple field screening procedures, since reagents are stable, have
long shelf-lives, and present no health hazards (Anonymous, 1979;
Voller et al., 1976). Assays that are optimized for speed will be
done so at the expense of sensitivity. However, the sensitivity of
the antigen-antibody reaction 18 so great that a small loss in
detection 1limit will still afford a wusable assay. Qualitative
immunoassays could be used to determine sources of contamination,
direct the collection of samples, and monitor cleanup operations.

CONCLUSIONS

An immunoassay consists of the specificity of an immunological
reaction with a sensitive 1ndicator system. Improvements in all the
components of immunoassay are certain, and will yield improved
assays. These improvements include new enzyme labels; sensitive
methods of enzyme determination such as cofactor cycling; and better
cross-linking reagents, especially of the hetero-bifunctional type
(Wisdom, 1976). Many modifications can be expected in the delivery
systems for these assays. For instance, one can envision ELISA
systems coupled to photon counters or luminometers 1if enzymes such
as luciferin wevre used or to silicon chip if redox enzymes are
used. Such assays could provide a dynamic output of concentration
of analyte in real time.

The field of immunoassay 1is very broad with new techniques
constantly being introduced. The various types of immunoassays are
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complimentary and there is no one 1deal 1label for use in all
immunoassays. The choice of assay format and label should be based
on the analyte to be measured and the purpose for which the
measurement will be made. There is a wide variety of circumstances
and environments in which immunocassay and other similar 1ligand
binding assay techniques could be employed. Although there appears
to be an overindulgence in pursuing novel methods, alternative
methodologies based om the antigen—antibody reaction will
continually emerge, many designed for a particular circumstance.

Table 1

IMMUNOASSAYS WITH ENVIRONMENTAL APPLICATIONS

Compound References

1. Aldrin and Dieldrin Langone and Van Vunakis, 1975

2. Bacillus thuringiensis Wie et al., 1982

3. Benomyl Lukens et al., 1977

4. Chlorsulfuron Kelley et al., 1985

5. 2,4-D and 2,4,5-T Rinder and Fleeker, 1981

6. Paraoxon Hunter and Lenz, 1982

7. Paraquat Van Emon et al., 1986

8. Parathion Ercegovich et al., 1981

9. S-Bioallethrin Wing and Hammock, 1979
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DERIVATION AND USE OF MONOCLONAL ANTIBODIES
FOR ENVIRONMENTAL MONITORING

Alexander Karu, Head, Hybridoma Center, College of Natural Resources,
University of California, Berkeley, CA

ABSTRACT

Over the past 12 years, monoclonal antibody technology has proven
valuable in numerous biomedical applications. This talk will
summarize unique advantages and difficulties of extending this
technology to environmental toxicology, chemical quality assurance,
and risk assessment, where it has evolved more slowly.

Most analytes of environmental interest are of low molecular weight,
somewhat nonpolar, sparingly soluble in aqueous media, and at low
concentration in the test sample. Monoclonal antibodies (MAbs) for
detecting these substances must have the highest possible affinities.
The analytes (haptens) are made immunogenic by covalent coupling to
"carrier" molecules. Conjugates must be designed with regard to
sterism, linkage chemistry, linker length, hapten density, and choice
of carrier. Immunization and screening procedures should make use of
different conjugates. Immunization protocols should promote T-helper
cell responses and minimize T-suppressor cell responses to the hapten.
Different mouse strains should be immunized, as they can differ
significantly in their antibody responses. Because any set of MAbs
will have a broad spectrum of affinities and specificities, it is
highly desirable to clone hybridomas during initial selection, and to
screen a great many. Robotic sampling systems and computer-assisted
screening are essential for this purpose. Newer techniques such as
splenocyte transplantation and antigen-focused cell fusion may improve
the yield of useful hybrodomas, but these methods have not yet been
widely tested.

Enzyme and radioimmune assays are the most common analytical methods
in current use, but several others, ranging from immunoelectrodes and
solid-state immunosensors to disposable cards and "dipsticks," are
rapidly being developed. MAbs are also potentially useful agents for
extracting and concentrating the substances of interest from complex
mixtures or from solid surfaces. Problems of analyte concentration
and elimination of interfering substances are different for
immunoassays than for standard analytical procedures. Techniques to
allow immunoassay of substances that are nearly insoluble or
chemically unstable in aqueous solvents remain to be developed.

Immunoassays are ideal for rapid screening of large numbers of
samples, e.g., for on-site monitoring of the degradation and dispersal
of toxic materials. For the near future, most applications will
involve monitoring of air, water, and soil pollution and residue
levels in foods. Other potential uses include quality analysis in
chemical manufacturing, determination of worker exposure and safe
field re-entry intervals, and tracking of organisms and recombinant
gene products used in biological and other conventional analytical
methods.



MAb-based environmental monitoring presents new requlatory problems.
Agencies must develop criteria for standardizing diverse
immunochemical assays and relating them to instrumental analysis.
Policy makers will have to factor immunoassay results into their
decision-making processes. Immunoassays for adducts or metabolites of
genotoxic substances have great potential for dosimetry and risk

assessment, but their implementation will raise legal and ethical
issues.
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IMMUNOASSAY FOR THE DETERMINATION OF PENTACHLOROPHENOL
AND RELATED COMPOUNDS IN WATER SAMPLES

T.C. Chiang, L.R. Williams, S.D. Soileau, R.F. Schuman, and K.W.
Hunter, Jr., Lockheed Engineering and Management Services Co., Inc.,
Las Vegas, Nevada

ABSTRACT

The use of immunochemical methods has been wide spread in clinical
laboratories, and the techniques have also been applied to the
determination of a variety of low molecular weight compounds such as
drug residues, mycotoxins, pesticides and plant hormones.
Immunochemical analytical methods are generally based on the principle
of competition between analyte and labeled form of the analyte for a
specific receptor. In a cooperative effort between Westinghouse
Bio-Analytical Systems, EPA, and Lockheed-EMSCO, a new monoclonal
antibody-based immunochemical  analytical procedure for  the
determination of pentachlorophenol (PCP) levels in water has been
evaluated.

The method is a competitive inhibition enzyme immunoassay using
anti-PCP antibodies prepared by the monoclonal antibody technique.
The free PCP in solution binds to the anti-PCP antibodies and inhibits
their subsequent binding to the solid-phase adsorbed PCP protein
conjugate. After an incubation, the anti-PCP antibodies not bound to
the surface of the microtiter wells are removed by washing. The
number of antibodies bound to the solid-phase is determined by adding
an enzyme-labeled second antibody with binding specificity for the
anti-PCP antibody. After an incubation and final washing, the
substrate of the enzyme is added and the amount of anti-PCP antibodies
bound to the solid-phase is directly proportional to the intensity of
color produced by the enzymatic reaction. The intensity of this color
is therefore inversely proportional to the concentration of PCP in the
sample. Quantitation 1is achieved by comparing the mean optical
density obtained with the sample to a standard curve generated from
known concentrations of PCP on the same plate.

Thirty-six water samples from various sources (tap, ground and surface
water) were spiked with different levels of PCP and analyzed by two
independent laboratories. The samples were also analyzed using an EPA
approved GC/MS method. In addition, aliquots of the sample extracts
prepared for GC/MS analysis were also analyzed by the immunoassay.
For water samples that were analyzed directly, the method detection
limit was 88.8 ppb (parts per billion). The method also provides for
the use of an internal standard addition to determine possible
interferences. During the course of this study several hardware
problems associated with this type of assay were encountered (mainly,
the plate effect and the reader effect). These unexpected effects
have resulted in considerable delay in finishing this study.
Nevertheless, the results indicate that this immunoassay can be used
to detect PCP in selected water samples, and that once the hardware
problems are resolved, the precision, accuracy and the speed of this
procedure will be much improved. This study is the first of several
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planned to evaluate methods based upon immunochemical techniques that
offer potential for low-cost, sensitive and selective detection of
target chemicals of Agency interest. The study was developed in
coordination with the OSW staffs to demonstrate the equivalency of
proposed alternatives to Agency-accepted methods.
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ULTRA SENSITIVE BIOASSAY FOR DIOXIN

Richard F. Schuman and Kenneth W. Hunter, Westinghouse Bio-Analytic
Systems Co., Rockville, Maryland

ABSTRACT

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been shown to induce
ethoxyresorufin-O-deethylase (EROD) activity or other biological
responses in a number of cell cultures. Using a new cell line, WBAS
86-163B, an ultra semsitive bioassay for the detection of TCDD and
related compounds has been devised. The target cells can detect
TCDD concentrations as low as 2 X 10"13M, which is at least 1.5 logs
more sensitive than other bioassay systems. With the WBAS cell
line, an induction response can be obtained after treatment of the
target cells for only 18-24 hours, four to 10 days less than
required by other ©bioassays. These cells have been used
successfully to detect TCDD in soil and water samples.

Several dibenzo-p—-dioxins, chlorinated phenols and polychlorinated
biphenyls were tested for their abilities to induce EROD in the
target cells. TCDD was at least several thousand fold more potent
in elliciting a response than were the other chemicals. TCDD was 8
times more active as an EROD inducer than the next most effective
chemical, 2,3,7,8-tetrachlorodibenzo~furan.

INTRODUCTION

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) contamination in the
environment has become a major public health issue. TCDD and
related compounds such as polychlorinated dibenzofurans are produced
as by-products of the manufacture of industrial organic compounds
(eg. 2,4,5-T) and also as the result of several combustion
procedures (1-3). TCDD is an extremely stable compound which has
been shown to cause liver and kidney damage, chloracne, mutagenesis
of bacterial and mammalian cells as well as immunosuppression in
mice (1,4-7). Thus, rapid and reproducible assays are needed to
meet regulatory requirements for the detection of TCDD.

TCDD analysis 1s counventionally done by gas chromatography/mass
spectrometry (GC/MS) analysis. To detect low concentrations of
dioxin usually requires using the mass spectrometer in 1its most
sensitive mode. However, under these conditions, other compounds of
interest (eg. chlorinated dibenzofurans) may not be detected. An
alternative method for detection of TCDD aund related compounds is
the use of an assay based upon the biological response of cells to
the chemical.

Several bioassays from the detection of TCDD have been described,
including in vitro systems based upon inhibition of cell divisionm,
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altered cellular morphology and enhanced differentiation of specific
cell types, as well as induction of enzymes in vivo and in vitro (2,
8-10). In this paper we describe a detection method for TCDD which
is quicker and more sensitive than other bioassays. The assay has a
dynamic range of 0.060 pg/ml to 1.0 pg/ml and has been used to
detect TCDD in water samples, sediment from water samples, and
benzene extracts of soil samples.

METHODS

Target Cells: WBAS cell culture 86-163B (patent pending) was used
in all experiments. The parent cell line was derived from mouse
liver cells. After mutagenesis and cloning, cells were isolated
based wupon the Inducibility of the enzyme ethoxyresorufin-0-
deethylase (EROD) by TCDD. The cells were cultured in William
Medium E (WME) with 10% fetal bovine serum (FBS), 2 mM L-glutamine
and 10 mM Hepes buffer (pH 7.4).

Chemicals and Sample Preparation: TCDD was obtained from the
National Bureau of Standards (Gaithersburg, MD) or Cambridge Isotope
Laboratories (C1L; Woburn, MA). Other dibenzo-p-dioxins,
chlorinated phenols and polychlorinated biphenyls were purchased
from Chem Services (West Chester, PA) or were synthesized at WBAS.
2,3,7,8-tetrachlorodibenzofuran (TCBDF) was obtained from CIL.

For routine use in the assay, benzene extracts of TCDD-containing
soils are reduced to near dryness under a flow of nitrogen gas. The
samples are then brought to volume (1 ml) in dimethylsulfoxide
(DMSO). Sediment is removed from water samples by centrifugation,
then dried, weighed and resuspended in 250 ul of DMSO. The
sediment-free water is then passed over a Cl8 reverse-phase column.
The resulting water fraction ("stripped” water) is retained for
testing. Organic material on the columm is eluted with acetone and
taken to near dryness as described above and brought to volume in
DMSO.

Assay: WBAS 86-163B cells are planted into 35 mm tissue culture
dishes 20-24 hours before treatment. The medium is then removed
from the cells and they are refed with 3 ml WME as described above,
except that the FBS concentration is reduced to 1Z (1% WME). For
comparison of induction of EROD, the cells are treated with stock
solutions of dibenzo-p—dioxin and 12 sgelected chlorinated compounds
(Table 1) prepared in DMSO. Duplicate wells are treated with 10 ul
of sample and an additional 10 ul of DMSO, resulting in final DMSO
concentration of 0.67Z. A standard curve 1s generated by treating
duplicate wells with appropriate concentrations of TCDD to yield
final doses of 1, 0.5, 0.25, 0.125, 0.0625, 0.03125 and 0.0 pg/ml,
all in a final concentration of 0.67Z DMSO.
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For benzene extracts which have been exchanged into DMSO, duplicate
wells of target cells are treated as described above. An additiomal
set of duplicate wells also treated with 10 ul of each sample and 10
ul of TCDD spiking solution (150 pg/ml). The final concentration of
the TCDD spike in these wells is 0.5 pg/ml. If further dilutions of
a sample are required, they are made in DMSO, so that the solvent
concentration remains constant.

Stripped water samples are initially mixed with 5X WME at a ratio of
4 parts sample: 1 part 5X WME and this mixture is used to treat the
cells. However, if significant toxicity is induced by the samples
under these conditions then they are tested at lower concentrations,
usually at dilutions of 1:10 through 1:50.

Approximately 20 hours after treatment the cells are analyzed for
EROD activity induced by the TCDD standards or by inducers in the
samples. The general detalls of the enzyme assay have been
described elsewhere (14).

RESULTS

Comparison of Inducers: Thirteen compounds have been tested for
their abilities to induce EROD in target cells (Table 1). The
concentration of each chemical needed to induce an EROD response is
compared to the amount of TCDD needed to induce a similar response
(Table 1). For example, 20,000 pg/ml of 2,4,5-trichlorophenol
(2,4,5-TCP) induces a response equivalent to that induced by 0.063
pg/ml of TCDD. By this method, TCDD is estimated to be 3.2 X 107
more poteat (20,000/0.63) than 2,4,5-TCP as an inducer of EROD in
the WBAS target cells. Table 1 shows that none of the dibenzo-p-
dioxins, polychlorinated biphenyls or chlorinated.- phenols are nearly
as effective as TCDD in provoking a response in the target cells.
Ouly TCDBF is within a log of TCDD in its ability to induce the
enzyme in the target cells.

Sample Toxicity: Biological response systems for the detection of
chemicals such as TCDD are particularly  susceptible to
toxicity-related phenomenon. The toxicity 1is sometimes overt,
leading to altered morphology im the target cells; more subtle
effects are also noted. For example, a sample which causes no overt
cellular toxicity might induce a calculated TCDD equivalent value of
0.127 at a dilution of 1:20 and a calculated value of 0.164 at
1:50. The higher EROD response at the higher dilution indicates
some residual toxicity associated with the sample that prevents full
expression of the induced enzyme. In such cases the calculated
value for the TCDD spike usually falls below the acceptable limit of
0.375 pg/ml. Further dilutions are required to bring the toxic
substances down to an acceptable level and allows complete induction
of the enzyme.
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TABLE 1

Induction of EROD in WBAS Target Cells by

Chlorinated Compounds

Test Inducing Equivalent Relative b

Chemical Dose (pg/ml) TCDD Dose (pg/ml)2  TCDD Effect
Dibenzo-p-dioxin (DD) 40,000 0.20 2.0 X 10°
7-C1-DD 40,000 0.32 1.3 X 10°
2,7-dichloro-DD 40,000 0.20 2.0 X 10°
1,2,3,4-tetrachloro-DD 20,000 2.00 1.0 X 104
1,2,3,4,7,8~hexachloro-DD 4,000 1.00 4.0 X 103
Pentachlorophenol 40,000 0.25 1.6 X 102
2,4,5 trichlorophenol 20,000 0.063 3.2 X 102
2,4 dichlorophenol 20,000 0.063 3.2 X 10°
2,2',3,3,'6,6' Poly- 5
chlorinated biphenyl (PCB) 40,000 0.125 3.2 X 10
2,3,3',4,4'5 PCB 10,000 2.00 5.0 X 103
2,2',4,5,6' PCB 40,000 0.125 3.2 X 102
2,2',4,5,5' PCB 40,000 0.125 3.2 X 10
2,3,7,8~tetrachloro- 8 1.00 8
dibenzofuran

2 pose of TCDD required to give EROD response equivalent to that
of the test chemical

b pose of the test chemical divided by the dose of TCDD required
to give an equivalent EROD response.
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Another problem area, although not necessarily related to toxicity,
is high concentrations of inducers in a sample. Thus, the results
obtained from an unknown sample might be 2.03 pg/ml at a dilutiomn of
1:21600 with a similar value at a dilution of 1:43200. This lack of
dilution effect indicates that such high concentrations of inducing
substances are present that they are beyond the range of analysis.

Performance of the Assay: Figure 1 shows the results of a typical
TCDD bioassay. Each point is the average of two replicates. The r2
for this set of data is 0.997. In general, r2 below 0.950 are rare,
but for comparative purposes the assays are normalized with respect
to the luminescence response of the 1.0 pg/ml TCDD control sample,
setting this value to 100%Z., All other values are determined by
dividing the luminescence at each dose by the luminescence at 1.0.
(e.g., if the luminescence at 1.0 pg/ml is 400 and at 0.25 pg/ml is
130, the relative respomse at 0.25 pg/ml is 0.325). A summary plot
of seven assays is presented in Figure 2. The r2 of the data is
0.985; the midpoint of the curve 1is approximately 0.5 pg/ml
(approximately 1.6 X 10712M). Inclusion of values for 2.0 p§/m1
(which is outside the dynamic range of the system) lowers the r< to
approximately 0.900. However, if the 2.0 pg/ml point is included,
4-parameter logistic analysis can be used and an r2 of 0.990 can be
obtained (not shown). Generally, the lowest concentration of TCDD
used as a standard is 0.0625 pg/ml. However, the inclusion of
0.03125 pg/ml does not adversely affect the r2 of the standard
curve, as demonstrated in Figure 1. This lack of effect on the r2
indicates that the 0.03125 pg/ml standard is within the dynamic
range of the curve. However, at present, 0.0625 pg/ml
(approximately 5 X 10713M) is used as the limit of detection.
Samples falling below that 1level are retested at  higher
concentrations.

DISCUSSION

In this paper we describe a rapid, sensitive and reproducible
bioassay for the quantification of TCDD and other EROD inducers in
environmental samples. The target cells, WBAS 86-163B was selected
for its hyper inducibility by TCDD. Like other cell culture-based
assays for TCDD (2,10,11), related compounds also induce a response
in the target cells. Except for TCDD, TCDBF was the most potent
inducer of EROD in the WBAS cells. Approximately an 8-fold increase
in TCDBF, compared to TCDD, was required to obtain the same
response. These results are similar to those obtained by Gierthy
and Crane (2) using the "flat cell assay” (FCA) and by Safe (10)
using H4IIE cells, both of whom found that approximately 10-fold
more TCDBF than TCDD was required to produce the same respounse.
However, the sensitivity of the WBAS target cells is greater than
reported for other systems. The midpoint of the dynamic range for
our cells is approximately 1.6 X 10~ 2M, as compared to 1.9 X 10-10y
reported by Safe (10). The limit of detection in the FCA is 10~11y;
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Figure 1

TCDD Bioassay, WBAS Cells

2D Hour Exposure

Lasrmireecence

Figure 1: A standard curve from a typical TCDD bioassay. Each
point is the average of two replicates. Standards were tested in
two-fold dilutions from 1.0 down to 0.03125 pg/ml. The r“ of
this line was 0.997.
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Figure 2

Cummulative Results, TCDD Bioassay

Relative Lum,

0 02 04 0.6 038 1

F@DE&M*M&EVM

0 Awaga N=7 ) © +%

Figure 2: A standard curve generated from the normalized data of
7 TCDD biocassays. Standards were tested in two-fold dilutions
from 1.0 to 0.0625 pg/ml. The r“ of the line is 0.985.
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with the WBAS cells it is below 2.0 X 10~13M. Another advantage of
the WBAS bioassay is the rapid turnover rate. The bioassay data
presented here are for 20-24 hour exposures. The H4IIE system used
by Safe includes a 4-5 day incubation of cells with inducer; the FCA
agsay requires 14 days.

TCDD and related compounds are currently detected by the use of
GC/MS. The major advantage to GC/MS analysis is its ability to
detect different isomers within a single sample. However, under
conditions required for maximum sensitivity, multiple analyses may
be required to detect similar compounds within a singe sample.

The bioassay, while not able to distinguish between similar isomers,
provides many advantages not available with the GC/MS. In general,
the assay does not require highly skilled personnel or complex
equipment. The assay 1is 1inexpensive and rapid, allowing for
multiple testing and the generation of statistical data for
samples. Although isomer specificity 1is not provided by the
bioassay in a single test, the presence or absence of toxic
chemicals which induce EROD, can be determined and expressed as
"ICDD equivalents.” Since many such compounds are subject to
regulatory cleanup processes, the data obtained from bioassays can
be used to establish priorities in toxic chemical decontamination
programs withia industry and government.
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STRATEGIES FOR USING BIOASSAY METHODS FOR THE IDENTIFICATION
OF HAZARDOUS COMPONENTS AND COMPARATIVE RISK ASSESSMENT
OF COMPLEX MIXTURES

JoEllen Lewtas, U.S. Environmental Protectlion Agency, Health Effects
Research Laboratory, Research Triangle Park, North Garolina

ABSTRACT

Two strategles particularly useful for approaching the toxicology of
complex mixtures are: (1) bioassay—directed chemical
characterization and (2) comparative biocassay studies.

Bioassay~directed fractionation and chemical characterization is a
strategy for identifying biologically active compounds or compound
classes 1n complex mixtures. The identification and assessment of
mutagens and carcinogens in complex mixtures has been significantly
advanced by the use of short-term genetic bioassays.
Bioassay-directed fractionation coupled with new organic
characterization methods has provided the tools needed to more
efficiently identify potential carcinogens in complex mixtures. A
comparative potency strategy for evaluating the relative toxicity,
mutagenicity and carcinogenicity of a series of different mixtures
has been used to provide comparative potency data for risk
assessment. The comparative mutagenlicity and carcinogenicity of a
series of combustion emissions has been assessed using dose-response
studies in bacteria, mammalian cells and rodents. This data base
has been used to develop a comparative risk assessment methodology
for combustion emissions which 1s belng extended to the evaluation
of hazardous waste incinerator emissions and other complex mixtures.

INTRODUCTION

Combustion emissions consist of a very complex mixture of thousands
of chemicals resulting from 1incomplete combustion of either
vegetative sources (e. g., tobacco, wood, etc.), fossilized fuel (e.
g., oil, coal, gasoline, diesel fuel) or synthetic sources (e.g.,
syn-fuels, other chemical products). This complex mixture generally
contains a high percentage of organic chemicals including aliphatic
hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), substituted
PAHs and other polar organic compounds. The emission mixture itself
is heterogeneous and consists of very volatile gases (e.g., CO, NOy,
S0, hydrocarbons and aldehydes), semi-volatile material (e.g., 2-3
ring aromatics), condensed organic and inorganic matter adsorbed
onto very small (usually submicron) carbonaceous particles often
called soot.

These very complex mixtures cannot now or in the forseeable future
be completely characterized chemically since they contain thousands
of components. Therefore, toxicological studies on the individual
components is an unsatisfactory means of assessing the toxicology of
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the total mixture. These mixtures, however, can in most cases be
reproducibly generated by the emission source (e.g., automobile on a
dynamometer) to generate the mixture to which humans are exposed.
Considerable engineering effort has been devoted to standardizing
combustion conditions and in some cases even the fuels, so that
these emissions can be reproducibly generated. This has been done
in order to chemically and physically characterize the emissions,
however, these same techniques may be applied to the generation of a
representative emission source for toxicological studies.

The toxicological data base on combustion emissions varies from
being very extensive and good for some sources such as cigarette
smoke and certain automotive emissions (e.g., diesel emissions) to
very limited for wood combustion and synfuels. The more extensive
data base for certain sources, including human data, should make it
possible to draw some conclusions as to the utility of wvarious
methods and approaches which may be generalized to other combustion
emissions.

The soot from combustion emissions has been judged to be
carcinogenic in humans (IARC, 1985) and many soots have also been
found to be carcinogenic in animals. These emissions are also
mutagenic 1in bacteria, mammalian cells, and certain rodent assays.
Several of the avallable animal models for carcinogenesis studies,
however, do not always produce results which agree with the human
data. In vitro methods are therefore extremely useful for: (1)
quantitative comparisons of emissions, (2) mechanistic studies, (3)
bioavailability studies, and (4) identification of the active
components in mixtures.

BIOASSAY DIRECTED FRACTIONATION AND CHARACTERIZATION

The objective of this strategy 18 to identify the biologically
active (e.g., toxic, mutagenic) components 1in complex mixtures.
This and other approaches to 1identifying genotoxic compounds have
been reviewed by Claxton 1982. The two principle considerations in
applying this approach are the bioassay to be employed and the
fractionationation method, both of which are discussed below.

The bioassay(s) chosen to be employed will depend on the complex
mixture and what 1s known about either the chemical composition or
toxicological effects of the mixture. Bloassays which have been
used include assays for: mutagenicity (e.g., Ames test), tumor
initiation, cytotoxicity, etc.

The methods which have been used to fractionate complex mixtures
prior to bioassay include nearly all the methods which have been
used for separations prior to chemical analysis. Often several of
these methods are combined sequentially as shown in Figure 1. One
of the most widely used approaches to separate mixtures is to use
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solvent partitioning to separate a mixture Into the organics and
inorganics. These will each be bioassayed. If most of the activity
of interest 1is in the organic fraction, it will be further solvent
partitioned into organic acids, organic bases and neutral
compounds. If bioassay of these three fractions shows that the
activity 1s largely 1isolated into the organic neutral fraction, it
may be further fractionated by silica gel chromatography or high
pressure liquid chromatography (HPLC) into the alphatics, aromatics,
moderately polar and highly polar neutral compounds. This
reiterative approach, diagrammed in Figure 1, is repeatedly used
until the active compounds have been sufficlently separated from the
nonactive components to allow chemical characterization of the
biologically active compounds.

At each point in the fractionation scheme where activity is
measured, recovery of mass and activity should also be determined.
A reconstituted mixture 1s bloassayed and compared to the
unfractionated (neat) mixture to determine the recovery of
bioactivity. If the sum of the activity of the mass weighted
fractions equals the unfractionated (nmeat) mixture then the
mutagenicity is considered to be additive. One should be cautious
to consider that simultaneous chemical changes as a result of the
fractionation procedure could both increase the activity of some
components and decrease the activity of others resulting in the
appearance of no change and therefore that bilological activity is
recovered.

In several cases this approach has resulted in the identification of
biologically active components of mixtures which were very minor
components by mass but were extremely potent. Examples of such
components are the potent mutagenic dinitropyrenes found in
Xerographic toners (Rosenkranz et al., 1980) and diesel exhaust
(Schuetzle, 1983); the potent toxin, aflotoxin, found in peanuts;
and the potent polychlorinated biphenyls (e.g., TCDD) found in
emissions from burning transformers.

Once a highly active fraction is obtained and chemical analysis
provides a 1list of the confirmed or suspected components, one
critical requirement must be met before biologically active
compounds are identified. Either bloassay data must be available
for each of the compounds identified, and/or pure standards need to
be obtained to biloassay the identified compounds in order to
determine their contribution to the total activity observed.

CHARACTERIZATION AND IDENTIFICATION OF THE MUTAGENS AND CARCINOGENS
EMITTED FROM COMBUSTION SOURCES

Bioassay—-directed fractionation closely coupled to chemical
characterization has been shown to be the most efficient and
effective approach to identifying the mutagenic and turorigenic
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compounds in combustion emissions. This approach has been used to
ldentify tumor initiators and tumor promoters in cigarette-smoke
condensates (Hoffman and Wynder, 1976), automotive exhaust emissions
(Grimmer et al., 1982), and urban-air particles (Hueper et al.,
1982). More recently, this approach has been coupled with
short-term  genetic Dbioassays, including both wmicrobial and
mammalian-cell mutation assays, to identify mutagens and poteantial
carcinogens in complex mixtures (Epler et al., 1978). We first
employed this method to identify the chemical classes and specific
components assoclated with diesel particulate emissions that were
mutagenic 1In the Ames Salmonella typhimurium mutagenesis assay
(Huisingh et al., 1979).

Diesel particles collected by the dilution—-tunnel method (Bradow,
1982) were Soxhlet extracted with  dichloromethane  and
solvent-partitioned into organic acids, Dbases, and neutral
components. The neutral components were further fractionated into
paraffins, aromatics, transitional moderately polar (TRN) compounds,
and oxygenated highly polar (OXY) compounds. The mutagenic activity
of each fraction was determined wusing the Ames Salmonella
typhimurium/microsome assay in TA1535, TA1537, TA98, and TA100

Huisingh et al. 1979). The distributions of the mass of each
fraction and of its mutagenic activity in TA98 are shown in Table 1
for a four—-stroke V-8 Caterpillar 3208 engine used in urban service
vehicles. The moderately and highly polar neutral compounds in the
TRN and OXY fractions account for 89-942 of the mutagenic activity
of the extractable organics and only 322 of the mass. Conventional
gas chromatography/mass spectroscopy identified many fluorenones and
methylated fluorenones as major constituents of these fractiouns
which we found to be non-mutagenic. None of these or other
identified constituents accounted for the direct-acting frameshift
mutagenic activity observed. Studies with nitroreductase—deficient
strains of Salmonella typhimurium showed 1in a reduction 1in the
mutagenicity of these organics, suggesting that nitrated compounds
contributed to this direct-acting mutagenicity (Claxton and
Huisingh, 1980). Nitrated polycyclic aromatic hydrocarbons
(NO,-PAHs) are potent direct-acting frameshift mutagens detected in
xerographic tonmers (Rosenkranz et al., 1980). A series of NO,-PAHs
in diesel extracts were later identified and quantitated in order to
estimate their coantribution to the mutagenic activity of diesel
particulate emissions (Nishioka et al., 1982) as described in the
next section. Similar studies have also been conducted by
Schuetzle, 1983. These studies show that NOp-PAHs, di-NO,-PAHs, and
hydroxy-NO7—PAHs together account for much of the mutagenicity
observed 1in Salmonella typhimurium. Particulate emissions from
catalyst-equipped gasoline-engine vehicles using wunleaded fuel
contain significantly less of these NOo-PAHs (Nishioka et al.,
1982). The mutagenic activity of both leaded- and unleaded-gasoline
emissions 1s substantially increased with the addition of an
exogenous metabolic activation (MA) system, suggesting that the
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unsubstituted PAHs may play a more important role than do NOy-PAHs

in the mutagenicity and carcinogenicity of gasoline emissions
(Lewtas, 1982, 1983).

Characterization of the mutagenicity of emissions from both
vegetative and fossil fuel show general similarities. Comparison of
the distribution of mutagenic activity in different organic
fractions extracted from a light-duty diesel vehicle and urban air
particle extracts in (Lewtas, 1985) Table 2. In both wood and
diesel combustion, 82-99Z of the mutagenicity was in the neutral
fraction. Very little mass or mutagenic activity was observed in
the organic bases. Differences 1n these sources were observed in
the distribution of mass and mutagenicity 1ian the neutral
subfractions.

Bioassay—directed fractionation and chemical characterization has
also been used to characterize and compare the complex organic
emissions from roofing tar pots, coke ovens, and cigarette smoke.
To obtaln a gross characterization of the chemical classes present
in the samples, the chemical class distribution was determined by
solvent partitioning the organics into acidic, basic, neutral, and
cyclohexane 1insoluble (a highly polar fraction) fractions. The
neutral fractions were further separated 1nto the nompolar neutrals,
aromatics (nitromethane soluble) and polar neutrals.
Characterization of the distribution of mutagenic activity (Ames
Salmonella typhimurium bioassay) in each of these fractions (Austin
et al., 1985; Williams et al., 1986) showed significant differences
between the diesel, coke oven main, roofing tar, and cigarette smoke
condensate samples as shown in Fig. 2. In the diesel samples, over
90Z of the mutagenic activity 1s located in the aromatic and
polar-neutral fractions, and a significant portion of this activity
can be accounted for by NO2-PAHs. The cigarette smoke condensate,
coke oven main, and roofing tar samples did not contain detectable
amounts of NO9~PAHs (Williams et al., 1986). Most of the
mutagenicty of coke oven main sample was found in the basic fraction
(372) and polar neutral fraction (39%). The cigarette smoke
condensate sample also had significant activity in the ©basic
fraction (66%Z), but chemical analysis indicated that the components
differed significantly from those of the coke oven main sample. The
roofing tar sample contained aromatic (14%Z) and polar (75%)
mutagenic constituents that were not NOp-PAHs. The PAH subfraction
of each of these samples accounted for only a small portion of the
mutagenicty (e.g., diesel (0.2%), cigarette smoke condensate (0.1%),
roofing tar (5%) and coke oven main (8%).

Although the specific mutagens in these different sources are not
identical, they all cause frameshift mutations and appear to be
compounds that could be classified as polycyclic organic matter
(POM) . Chemical characterization suggests that 1n addition to
nitrated NO2-PAHs found in the slightly and moderately polar
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neutrals, hydroxylated and carboxylated polycyclic organics are
found in the organic acid fraction, aromatic amines and nitrogen
heterocycles are found in the organic bases and highly oxygenated
quinones, diones, and nitro-oxygenated compounds are found in the
polar neutral fractions.

CONTRIBUTION OF NOo-PAHs TO THE MUTAGENIC ACTIVITY OF AUTOMOTIVE
EMISSIONS AND URBAN AIR PARTICLES

Although NO)-PAHs were qualitatively identified in extract of diesel
particles and urban air particulate matter as described earlier, the
detection and quantification of these compounds at low levels has
posed problems for analytical chemlists because the coaventional
analytical techniques for quantifying PAHs [e.g., high performance
liquid chromatography (HPLC) with fluorescence detection and gas
chromatography (GC)/mass spectrometry (MS) with electron impact
ionization (EI)] are relatively insensitive to nitro-substituted
PAHs, The 1, 3-; 1,6—; and 1, 8-dinitropyrene isomers are so highly
mutagenic in the Ames (TA98 -S9) assay that trace concentrations of
these compounds, if present, could account for a major proportion of
the observed mutagenic activity. A capillary column GC/MS
analytical technique using on column injection and negative chemical
ionization (NCI) detection was therefore developed to detect these
and other nitro-PAHs at very low concentrations (Nishioka et al.,
1982). This technique was applied to extracts of soot particles
from diesel and gasoline vehicles and wurban air particles.
Twenty-three different NO2-PAHs were 1dentified in the diesel engine
extracts; five NO9-PAHs in the urban air particle extracts; and only
one, l-nitropyrene was detected 1in the unleaded gasoline engine
extract. 1-Nitropyrene was the NO,-PAH detected 1in greatest
quantity in the diesel extracts (107-1590 ppm, relative to the
weight of the extract), followed by the nitrophenanthrene/anthracene
isomers. The only dinitro—-PAHs for which analytical standards were
available, the dinitropyrene isomers, were detected in one diesel
extract sample at sub-ppm concentrations (0.4-0.6 ppm).

Quantification of the concentration of these NOgp-PAHg and
determination of their contribution to the direct-acting
mutagenicity in Salmonella typhimurium TA 98 (Table 3) sghows that
the mono-NO7-PAHs make relatively minor contributions to the
mutagenicity of the urban air particles ( 2Z). 1-Nitropyrene was
present at the highest concentration (107-1590 ppm) in the diesel
particle extracts, and yet it accounted for only 3-132 of the
mutagenicity. The concentration of several of the NOgp-PAHs 1in a
series of extracts of diesel and gasoline exhaust particles were
however highly correlated with their wmutagenicity both in S.
typhimurium and L5178Y mouse lymphoma cells and skin tumor
initiating activity in Sencar mice. 3-Nitrofluoranthene present at
1 ppm to 7 ppm in the diesel samples accounted for 0.8% to 1.4%Z of
the mutagenicity. By using the mutagenicity values determined in

2-24



separate experiments for 2-nitrofluorene and those reported in the
literature for l-nitroaphthalene, these compounds were estimated to
account for less than 0.01% of the mutagenic activity. Although the
dinitropyrene isomers: 1,3; 1,6; and 1,8 were detected only in
diesel sample C at 0.4-0.6 ppm (sum of 1.6 ppm), their mutagenic
activity (496,000; 629,000; and 870,000 rev/ug, respectively) was
high enough to account for 26%Z of the mutagenicity of this sample.
The total "direct-acting” mutagenic activity in S. typhimurium TA98
that can be accounted for by the 23 nitro-PAHs quantified in Diesel
C is 40%. This estimation 1is supported by the loss of 50% the
mutagenic activity of this extract it was assayed in TA98FRI
(renamed TA98NRD), a classical nitroreductase-deficient S.
typhimurium tester strain obtained form H. Rosenkranz (Rosenkranz et
al., 1981).

The fact that dinitropyrenes at concentrations below the ppm level
can account for nearly one-third of the mutagenic activity (-S9)
suggests that the presence of other highly potent dinitro-PAHs may
account for even more of the mutagenic activity (-S9) in the
moderately polar neutral fraction. A recent application of S.
typhimurium tester strains developed to exhibit resistance to
dinitropyrenes (e.g., TA98/1,8DNPg) has 1led to even larger
estimations of the contributions of dinitropyrenes to the
mutagenicty of diesel particle extracts. The lack of quantitative
data on the conceantrations of the dinitrcpyrene isomers in such
samples has previously made it impossible to confirm whether the
concentrations of the dinitropyrenes are 1ndeed sufficient to
account for the contribution predicted by the resistant tester
strains. Pederson, 1983, has reported that in several light—duty
diesel particle extracts, 50% to 90%Z of the TA98 (-S9) mutagenicty
is lost when the extracts are tested in TA98/1,8DNP6. Since these
strains may show a resistance to other dinitro-PAHs, it is possible
that highly potent dinitro-substituted isomers of other parent PAls
present in the particle extracts may also contribute to the
mutagenicty of the moderately polar neutral fractionm.

CHARACTERIZATION AND IDENTIFICATION OF MUTAGENIC METABOLITES

When toxicological studies are conducted on an individual chemical
(e.g., benzo[alpyrene) which is metabolized to form a number of
metabolites, we don't generally consider the resulting mixture of
metabolites to be a "complex mixture.” The strategy which 1is
described above for identifying mutagens In environmental mixtures
can also be applied to the identification of mutagens in a mixture
of metabolites.

The identification of the bacterial mutagen, l-nitropyrene (NP), in
diesel emissions and ambient air as described above, led us to
conduct a series of studies on the mammalian metabolism of NP. Ball
et al., 1984 reported that rats treated with NP excreted a mixture
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of mutagenic metabolites. This mixture was separated by HPLC into
fractions which were bioassayed in the Ames S. typhimurium plate
incorporation assay and characterized using high resolution GC/MS.
Among the principal metabolite fractions identified were 3-hydroxy-
1-nitropyrene, 8-hydroxy-l-mitropyrene, ©6-hydroxy-N-acetyl-l-amino-
pyrene, and 8-hydroxy-N-acetyl-l-aminopyrene. We used a similar
approach to identify the wutagenic metabolites of NP after metabo-
lism by lung S9 (King et al., 1984) and lung and tracheal cells
(King et al., 1986). These studies led to the identification of a
whole series of wmutagenic hydroxylated nitropyrenes where the OH
group was in the 3, 6, 8 and 10 position. An example of the use of
the Ames assay to 1dentify the mutagenic metabolites of
l1-nitropyrene formed by lung S9 1is shown in Table 4. This approach
led to further efforts to characterize the highly mutagenic
fractions (e.g., B) and the various isomers of OH-nitropyrene.

IDENTIFICATION OF HYDROXYLATED NITRO-PAHs IN URBAN AIR

We have recently identified and quantified hydroxy-NOjp-PAHs in both
a polar neutral fraction and acidic fraction of an ambient air
particulate extract using bloassay-directed fractionation (Nishioka
et al., in press). Figure shows the overall fractionation and
bioassay data. The three fractions of greatest interest were the
acid, methylene chloride and methanol fractions which contained 38%,
232, and 29%, respectively, of the recovered mutagenicity. Since
the methylene chloride fraction was more amenable to
subfractionation by existing HPLC methods, this fraction was chosen
for further fractionation. Normal phase HPLC was used to
fractionate the methylene chloride fraction (24). The first HPLC
sub-fractionation resulted in one fraction, methylene chloride-C,
which contained nearly 50% of the mutagenicity in 25Z of the mass.
Analysis of this fraction by both EI and NCI HRGC/MS techniques
indicated that the complexity of the sample was not reduced
sufficiently to identify individual components. Sub-fraction C was
further fractionated by normal-phase HPLC into 12 fractions for
bioassay. As we proceeded to higher levels of sub-fractiomation,
less and less mass was available for bioassay. In this study, the
first level fractions obtained from the preparative techniques were
biocassayed in triplicate at seven doses with and without activation
in order to be able to quantitate the distribution and recovery of
autagens. As we proceeded to the first and second 1level of
fractionation, fewer doses and plates were used for the bioassay
until nearly the entire fraction was used for a single plate.
Therefore, our ability to quantitate the recovery of both mass and
mutagenicty decreases as we subfractionate. The  bioassay
chromatogram showed peaks of relatively higher mutagenicty 1n
fractions 4 and 11 with 29 and 37 rev/ug, respectively. Mass
spectral analysis of peak 4 demonstrated that the goal of sequential
fractionation had been achieved in that individual components could
be resolved and quantified using HRGC/MS. The major mutagenic
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compounds identified in the methylene chloride-C-4 fraction were
hydroxy-nitro—substituted fluoranthenes (OH-NO9-PAH) and work is
continuing to synthesize and identify other isomers.

MICRO-BIOASSAY METHODS COUPLED TO ANALYTICAL SEPARATION TECHNIQUES

The quantity of material (mixture or fraction) needed for many of
the established bioassay methods ranges from milligram quantities
(e.g., Ames assay) to gram quantities (e.g., tumor initiation).
Recently a number of micro-bloassay methods have been reported for
measuring forward mutation (Thilly et al., 1983; Goto et al.,
Submitted), reverse mutation (Kado et al., 1983) in Salmonella
typhimurium and phage induction in E. coli (Rossman et al., 1985).
Such micro-biocassay methods will facilitate the coupling of bloassay
methods to analytical scale separation techniques such as
reverse—phase HPLC. Thilly demonstrated the possibilities of this
approach by applying the forward mutation micro—-assay to particle
emission extracts from HPLC fractions of a residential oil burmer.
Figure 4 demonstrates the utility of this approach when thls assay
is used to bioassay the fractions from a mixture of metabolites of
l-nitropyrene incubated with lung S9. Such a bioassay chromatogram
facilitates the 1immediate visualization of the most mutagenic
fractions for further characterization. This approach should
eliminate the need for large-scale fractionation techniques which
are often fraught with problems of the spillover of chemicals from
one fraction to another and with poor resolution. High resolution
fractionation techniques used sequentially may make it possible to
result in fractions which contain either one chemical or a very
small number of chemicals which will |@greatly facilitate
characterization of the fractionms.

COMPARATIVE POTENCY EVALUATION OF COMPLEX MIXTURES

Comparative potency studies of a serles of substances in one or more
bioassay 1s a particularly wuseful approach to the toxicological
evaluation of complex mixtures. Many complex mixture problems
involve the assessment of a series of different mixtures, such as,
fuels derived from various sources, soots emitted from different
combustion engines, or air particles from various exposure
environments. Since all soots from Incomplete combustion are
expected to contain carcinogenic polycyclic organics, the question
often posed is whether a new combustion source will produce soot
which is more carcinogenic than the existing sources.

The comparative potency approach has been used in comparing the
acute toxicity of a series of petroleum hydrocarbons using as range
of products form light oils and gasoline to heavy fuel oils (Beck et
al., 1982. The toxicity of shale derived fuels and other syn-fuels
have been determined primarily in comparative studies in general
toxicity tests, target organ studies, behavioral studies, muta-
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genesls, carcinogenesis, teratology and neurotoxicity tests. Many
of these studies are reviewed by MacFarland et al., 1982.

The design considerations for comparative potency studies include a
number of factors which may not always be considered when wusing
other toxicology methods. These 1include: 1) simultaneous
evaluation of all comparisons in one experiment, where possible; 2)
exposure doses (or concentrations) needed for statistical analysis
and potency measure; and 3) fractional factorial design for mixtures
strategy for evaluating the toxicity of mixtures of gasoline blends
using fractional factorial designs, multiple bloassays and a
standardized reference fuel as a center point.

DEVELOPMENT OF A COMPARATIVE POTENCY METHOD FOR CANCER RISK
ASSESSMENT OF COMBUSTION EMISSIONS

A comparative potency method for cancer risk assessment has been
developed based upon a constant relative potency hypothesis. This
method was developed and tested using data from a batter of
short-term mutagenesis bioassays, animal tumorigenicity data and
human lung cancer risk estimations (lewtas, 1981; Nesnow et al.,
1982a,b; Albert et al., 1983; lewtas et al., 1983). This data base
was developed from a series of complex mixtures including emissions
from coke ovens, roofing tar pots, cigarette smoke, and automotive
eanglines.

The comparative potency method for cancer risk assessment is based
on the hypothesis that there is a constant relative potency between
two different carcinogens (C; and C3) across different bloassay
systems (B; and B2). The mathematical expression for the constant
relative potency model is the following;

CL 41
Relative Potency __ in Bioassay(y) = (k) Relative Potency __ in Bioassay())

Cy c

2

This assumption is implicit in any comparison which utilizes the
relative toxicity of two substances in animals to determine which
substance would most likely be more or less toxic to man. This
constant relative potency assumption is a testable hypothesis, if
the relative potency of two mixtures or components in one bloassay
(e.g., humans) can be determined and compared to the relative
potency in a second biloassay. The test of this model is whether
there 1s a constant relationship (k) between the relative potencies
in the two bioassays being compared such that:

Relative Potency (C1 % C2) in Bioassay(l) = constant (k)

Relative Potency (Cl ¢ C2) in Bioassay(2)
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This hypothesis was tested for three complex organic emissions from
a coke oven, roofing tar pot, and cigarettes by using human lung
cancer data from epidemiological studies of humans exposed to these
emissions and testing these emissions in a series of short-term
mutagenesis bioassays and animal tumorigenesis assays (Lewtas, 1985).

COMPARATIVE ASSESSMENT OF THE MUTAGENICITY, TUMORIGENICITY AND
NITRO-PAH CONTENT OF DIESEL AND GASOLINE EMISSIONS

The mutagenicity of the extractable organic material from diesel and
gasoline emissions has been reported for a battery of in vitro
bioassays detecting gene mutations, DNA damage, chromosomal effects,
and oncogenic transformations (lestas, 1983). Skin tumor initiation
and carcinogenic activity of these samples has also been reported in
SENCAR mice (Nesnow, 1982). Very good correlations (r2 0.90) were
observed when the slope of the dose-response for the mutagenic
activity in S. typhimurium strain TA98(-MA) was plotted versus the
mutagenic activity in the mammalian cell assays and the skin tumor
initiating activity.

The correlation of mutagenic and skin tumor initiating activity with
the concentration of selected nitro-PAHS was examined for these
diesel and gasoline samples. Table 5 shows the high correlations
observed between concentrations of l-nitropyrene and
3-nitrofluoranthene in these samples, and their mutagenic activity
in S. typhimurium (-S9), L5178Y mouse lymphoma cells (-S9), and skin
tumor initiating activity in SENCAR mice. The r2 correlation
coefficient in the presence of S9 (not shown) was somewhat lower.
The mutagenicity and tumor initiation activity (-S9) also correlated
well (r2 20.9) with the concentrations of the nitro-252 isomer, the
nitro-228 isomers, nitromethylpyrenes and nitrofluorenes while no
correlation was observed with several of the other less mutagenic,
lower molecular weight nitro-PAHs (nitrophenanthrenes and
nitronaphthalenes).

The quantified mono-NO9-PAHS account for 1less than 202 of the
direct-acting bacterial mutagenicity of these samples. The high
correlations observed between the concentration of these compounds
and the mutagenic activity of the total extract, therefore, suggest
that the concentrations of the unidentified mutagens responsible for
the remainder of the mutagenic activity and possibly the mutagenic
and carcinogenic activity in other biloassays is directly related to
the relative concentrations of these mono-NO9—-PAHs. Because the
remaining unidentified mutagens appear to be primarily located in
the chemlical fractions that are more polar than the fraction which
contains the unsubstituted and mono-NO2-PAHs, it 1s possible that
other di-NO9-PAHs (e.g., dinitrofluoranthenes) or other oxygenated
NO2-PAH's (e.g., hydroxy-nitro-PAHs) species are primarily
responsible for the major portion of the unidentified mutagenic
activity.
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SUMMARY

Toxicology studies of complex mixtures nearly always employ the same
general methods, models and bioassays that have been developed and
validated using single agents. The strategies for combining and
applying these methods however may differ due to the complexity of
the mixture and the questions being addressed. In initial studies
to determine the toxicological effects of an unknown mixture, the
approach 1s generally to administer the mixture as you would a
single agent in standard in vivo and in vitro bioassays. Attempts
to approach the toxlcology of a complex mixture from an analysis of
its components are generally successful only if the number of
components 1s 1limited (2-5 components) and well defined. 1In
approaching a very complex mixture where both the toxicologlcal
effects, components and active agents are wunknown, the two
strategies described above can be very useful. Prior to undertaking
either of these two strategies, however, the toxicological endpoint
of concern must be identified.

The two strategies described here have been successfully applied to
the evaluation of different complex mixtures which cause a variety
of effects. Wastewaters which are acutely toxic to fish have been
comparatively evaluated to determine which wastewaters, industrial
effluents, or sites are the most toxic using acute toxicity assays
in fish. Bioassay-directed fractionation techniques have also been
used to identify the class of compounds (e.g., organic vs. inorganic
etc.) responsible for this toxicity.

Recent inhalation studies of unleaded gasoline demonstrated renal
toxicity and carcinomas in rodents. Toxicology studies of the renal
toxicity of different fractions of the gasoline 1led to the
identification of isoparaffins as the active agents.

It is important to keep in mind that the two strategies described
here are limited by the 1limitations of the biloassay methods
employed. If, for example, you wish to identify carcinogens in a
complex mixture which you know contains chlorinated hydrocarbons,
then the Ames Salmonella typhimurium bioassay would not be a wise
choice since it 1s well documented that this bioassay does not
detect wmany carcinogens of this class. In some cases several
bioassay methods may have to be applied in using these strategles to
comparatively evaluate wixtures and elucidate the active
toxicological agents.

DISCLAIMER

The research described in this paper has been reviewed by the Health
Effects Research Laboratory, U.S. Eanvironmeantal Protection Agency
and approved for publication. Approval does not signify that the
contents necessarily reflect the views and policies of the Agency
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nor does mention of trade names or commercial products constitute
endorsement or recommendation for use.
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TABLE 1

Distribution of the Mass and Mutagenic Activity of Fractionated Diesel Particle Organics8

. .. - - - o .- - . -n

Specific Weighted Distribution of
Mutagenic Activity® Mutagenic Activityd Mutagenic Activity®
Fractionb Mass (rev/mg) (rev/mg) (%)
(%) -S9 +S9 -59 +S9 ~-S9 +59
Organic acids (ACID) 14.9 193 248 28.8 37.0 4.9 9.5
Organic bases (BASE) 0.3 43.8 132 0.13 0.40 0.02 0.10
Ether insolubles (INS) 3.9 53.9 80.9 2.1 3.2 0.36 0.80
Paraffins (PRF) 36.7 Neg. Neg. 0.0 0.0 0.0 0.0
Aromatics (ARM) 6.9 49.5 30.1 3.42 2.1 0.60 0.54
Transitionals (TRN) 5.0 7520 2620 376 131 64.9 33.5
Oxygenates (OXY) 26.9 629 798 169 215 29.2 55.4

8piesel particles obtained by the dilution tunnel method from a four-stroke V-8 Caterpillar 3208 engine operated
on the standard 13 mode serles of steady states.

Dichloromethane extractable organics were solvent-partitioned into acids, bases, and neutrals as previously
described. The neutral fraction was further fractionated on silica gel into four fractions by the following
solvents: hexane (paraffins), 1% ether in hexane (aromatics and transitionals), and 50% acetone in methanol
(oxygenates).

CSalmonella typhimurium mutagenesis assay performed with and without metabolic activation (59). Slope determined
from linear regression analysis of the initial portion of the dose-response curve.

dWeighted mutagenic activity of each fraction relative to the total extract is the product of distribution of
mass in each fraction (% mass) and the specific mutagenic activity (rev/mg). The sum of these weighted muta-
genic activities is used to determine the distribution of mutagenicity (%) as described below,

eDistribution of mutagenic activity is the percentage of weighted mutagenic activity in each fraction compared to
the sum of the weighted mutagenic activities., This distribution assumes that any mutagenicity not recovered
through the fractionation is equally distributed across all fractions.
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TABLE 2

Characterization of Mutagenicity from Combustion Sources and Urban Air

Fractiond Diesel Autob Wood Stove® Urban Afrd
Ames TA98 +59 Ames TA98 +59 Ames TA98 +59
mass mutagenicity® mass mutagenicity mass mutagenlcity
% % X % % 4
1. organic acids 7.6 17.9 44,0 0.0 7.3 21.0
2, organic bases 0.2 <0.1 2.2 4.7 ‘ 0.8 1.0

3. neutrals

A. aliphatics (hexane) 56.1 0.0 14,2 27.9 21.5 10.9

B, aromatics (hexane/benzene) 12.4 37.0 18.1 23.3 13.6 12,1

C. moderately polar (di- 3.1 24,7 29.0 11.6 8.6 45.0
chloromethane)

D. highly polar (methanol) 20.6 20.4 38.7 32.6 34,0 21.0

8The acids and bases were first separated by liquid~liquid partitioning to separate the acids and bases.

The neutrals are partioned into four fractions by open column chromatography on 5% water deactivated silica gel
utilizing the solvents designated in parenthesis.

bpiesel particles collected by the dilution tunnel technique from a 1973 Datsun Nisgsan 220C diesel automobile
operated on a chassis dynamometer using the highway fuel economy test cycle (HWFET). The total exhaust was
diluted (10:1) with filtered air prior to collection on 20 x 20 inch Teflon coated Pallflex T60-A20 filters.

The particles were Soxhlet extracted with dichloromethane (DQM) for 48 hrs prior to fractionation.

CWood combustion particles collected by the dilution tunnel technique from an airtight woodstove burning oak
(Johnson Energy Converter) during the coanstant burn phase. The emissions were diluted, collected, and

Soxhlet extracted by the same techniques employed for the diesel particles.

durban air particles (<1.7 um) collected by a massive air volume sampler in an industrial/residential area of
Philadelphia, PA. The particles were Soxhlet extracted with DM for 24 hrs prior to fractionation.

€Data from the Salmonella typhimurium plate incorporation assay in TA98 with metabolic activation was analyzed by
the model slope method to determine the specific mutagenic activity in revertants/ug of fraction tested.
Distribution of mutagenic activity between each fraction (2 mutagenicity) is the percentage of welghted mutagenic
activity [mass (%) x specific mutagenic activity (rev/ug) of each fraction] of each fraction compared to

the sum of the welighted mutagenic activities.




TABLE 3
Contribution of NOp-PAHs to the Mutagenic Activity of

Particle Extracts in Salmonella typhimurium TA98 (-59)

Extract Sample Mutagenic Activity Concentration and Contribution to Mutagenic Activity (%)
(rev/ug) TA98 -S9 l-nitropyrene nitrofluoranthene dinitropyrene isomers

Conc. Contrib. Conc. Contrib. Conc. Contrib.
(ppm) (%) (ppm) (%) (ppm) %)

Dlesel Auto 1 13. 1590 11. 7.0 1.4 - -

Diesel Auto 2 3.9 589 13. 1.2 0.8 1.6 26.

Diesel Auto 3 3.5 107 2.7 0.9 0.8 - -

Gasoline Auto 4 1.6 2.5 0.1 - - —-— -

Urban Air A 1.8 1.0 0.05 0.8 1.8 -— -—

Urban Air B 4.4 0.2 0.004 0.4 0.4 - -
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TABLE 4

Mutagenicity of Lung S9 Metabolite Fractions Isolated by HPLC2

HPLC Speci fic Mutagenicity
Metabolite Fraction (revertants/nmol)P
-59 +S9

Solvent Front 55 14
a 554 70

8 1250 113

s 168 44
K-DHD 373 9

é 201 94

NAAP 62 347
10—-OH-1NP 77 215
1-AMP 157 151
Phenols 84 168
3-0OH~1INP 584 222
1-NP 315 227
W 126 142

aléc-1-NP (2773 nmol) incubated with rabbit lung S9 (2.8 g protein) for
45 min as described in King et al., 1984,

bMutagenicity determined in the Ames Salmonella typhimurium plate
incorporation assay in TA98.
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Correlation Analysis of Nitropyrene and Nitrofluoranthene

Concentrations with Mutagenic and Tumorigenic Activity

TABLE 5

Ames Mouse Tumor

Particle Extract 1-NPa 3-NFD TA98 -S9 Lymphoma -S59 Infitiation
ppm pPpm rev/ugt MF/ug/m1d pap/mouse/ ug®

Diesel Auto 1 1590 7.0 13.0 4,2 590
Diesel Auto 2 589 2.9 3.9 0.98 240
Diesel Auto 3 107 1.2 3.5 1.2 310
Gasoline Auto 4 2.5 0.9 1.6 0.38 170
Correlation Coef.
r2 with 1-NP 0.91 0.98 0.82
rZ with 3-NF >0.99 0.99 0.95

a]-Nitropyrene

b3-Ni trofluoranthene

CRevertants per ug

dMutation frequency (mutants

per 106 survivors) per ug per ml

€Papillomas per mouse per ug in SENCAR mice
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FIGURE LEGEND

1.

2.

General Schematic Diagram of Bioassay Directed Fractionation and
Characterization

Distribution of Mutagenicity in Coke Oven Emissions (Coke),
Cigarette Smoke Condensate (csC), Diesel Emissions, and Roofing
Tar Emissions

Bioassay Directed Fractionation of Urban Air Particulate

HPLC Bioassay Chromatogram of the 1-Nitropyreme Metabolites from
Luag S9
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BIOASSAY DIRECTED
FRACTIONATION AND

CHARACTERIZATION

Complex Mixture

. Fractionate: | l
Fraction A Fraction B
. . Mass: 20% 80%
. Bioassay: Activity: 5% 95%
. Fractionate: | 1
B1 B2 B3
. Bioassay: Mass:  70% - 5% 25%
Activity: 0% 25% 75%
5. Characterize: Identify Components
. Determine if identified components are

bio-active.
. Chemically quantitate bio-active components.

. Determine the contribution of identified active
components to the total bioassay activity.

FIGURE 1
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MUTAGENICITY IN SAIMONELLA OF HAZARDOUS WASTES
AND URINE FROM RATS FED THESE WASTES

David M. DeMarini, Research Genetic Toxicologist, Jefferson P.
Inmon, Genetic Toxicology Division, Jane Ellen Simmons, Ezra Berman,
Experimental Biology Division, Health Effects Research Laboratory,
U.S. Environmental Protection Agency, Research Triangle Park, North
Carolina; Todd C. Pasley, Sarah H. Warren, and Ronald W. Williams,
Environmental Health Research and Testing, Inc., Research Triangle
Park, North Carolina

ABSTRACT

Fifteen hazardous industrial waste samples were evaluated for
mutagenicity in the Salmonella plate—-incorporation assay wusing
strains TA98 and TAl100 in the presence and absence of Aroclor
1254-induced rat liver S9. Dichloromethane/methanol extracts of the
crude wastes were also evaluated. Seven of the crude wastes were
mutagenic, but only 2 of the extracts of these 7 wastes were
mutagenic; extracts of 2 additional wastes also were mutagenic. In
addition, 10 of the crude wastes were administered by gavage to
F-344 rats, and 24-h urine samples were collected. Of the 10 raw
urines evaluated, 3 were mutagenic 1n strain TA98 in the presence of
S9 and ﬂ-glucuronidase. The 3 crude wastes that produced these 3
mutagenic urines were, themselves, mutagenic. Adequate volumes of 6
of the 10 raw urines were available for extraction/concentration.
These 6 urines were incubated with § —glucuronidase aund eluted
through Sep—PakOClg/columns ; the methanol eluates of 3 of the urines
were mutagenic, and these were the same 3 whose raw urines also were
mutagenic. In general, the Cjg/methanol extraction procedure
reduced the cytotoxicity and increased the mutagenic potency of the
urines. To our knowledge, this is the first report of the
mutagenicity of urine from rodents exposed to hazardous wastes.
Based on the present results, the use of only TA98 in the presence
of S9 might be adequate for general screening of hazardous wastes or
waste extracts for genotoxicity. The urinary mutagenesis assay does
not appear to be a useful adjunct tot he Salmonella assay for
screening hazardous wastes. The problems associated with chemically
fractionating diverse types of hazardous wastes for biloassay are
also discussed.

INTRODUCTION

The potential health effects of exposure to hazardous wastes may
include chromosomal damage and cancer (Maugh, 1979; Vianna and
Polan, 1984). Thus, knowledge of the mutagenic potential of
hazardous wastes would aid greatly in evaluating the hazardous
nature of and/or potential health effects from exposure to certain
wastes. Most studies on the genotoxicity of hazardous wastes have
used the Salmonella assay (Houk and Claxton, 1986; Nestmann et al.,
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1980); however, eukaryotic and/or mammalian cell assays been used to
a limited extent (DeMarini et al., 1984; Donnelly et al., 1985;
Bopke et al., 1982). Combinations of short-term genotoxicity assays
have been proposed as possible screens for hazardous wastes
(Barfknecht and Naismith, 1984).

We have begun a series of studies to identify short-term assays and
chemical fractionation schemes that might be useful for screening
hazardous wastes for genotoxic activity. Our initial studies have
indicated that the use of mammallan cell assays might not improve
significantly the ability to detect the genotoxicity of hazardous
wastes beyond that afforded by the Salmonella assay alone (DeMarini
et al., 1987a). Because in vivo mammalian metabolism may be a
critical factor in the generation of mutagenic metabolites from
complex hazardous wastes, we have investigated the utility of a
rodent urinary mutagenicity assay as a possible adjunct to testing
the wastes themselves in the Salmonella assay.

Most previous studies with rodent urinary mutagenicity assays have
involved the use of pure compounds—-frequently potent mutagens known
to require metabolic activation (Legator et al., 1982).
Consequently, the raw urine from such studies was mutagenic and did
not require concentration. However, B-glucuronidase was usually
required to observe rodent urinary mutagenicity in these studies.
This is in contrast to studies of mutagenic activity of human urine
in which the urines must be concentrated (usually with XAD resins),
and P-glucuronidase is usually not required (Legator et al., 1982).

We are aware of only 3 studies on the mutagenicity of urine from
rodents exposed to complex mixtures. Belisario et al. (1984, 1985)
demonstrated the mutagenicity of urine from rats exposed by gavage
to diesel emission particles (DEP), whereas Ong et al. (1985) did
not find wmutagenic urine from rats exposed by inhalation to DEP
and/or coal dust. Concentration of the urine by XAD-2/acetone did
not reveal any mutagenicity in one study (Ong et al., 1985), and it
reduced the mutagenic potency compared to raw urine in the other
studies (Belisario et al., 1984, 1985). Solid-phase extraction
using Sephadex LH-20 resin or 1liquid extractionms using chloroform,
toluene, or dichloromethane (DCM) also reduced the mutagenic potency
compared to raw urine (Belisario et al., 1985).

However, Ball et al. (1984) found that the mutagenic activity of
urine from rats administered 1l-mitropyrene wa enhanced Dby
extracting and concentrating the urine on Sep-Pa C18 cartridges
eluted with methanol. Consequently, we have studied the
mutagenicity of urine from rats exposed by gavage to crude hazardous
wastes by testing both the raw urine as well as C18/methanol
concentrate of the urine in strain TA98 in the presence of Aroclor
1254-induced rat liver S9 and B-glucuronidase.

2-46



Previous studies have shown that DCM may extract mutagenic organics
from hazardous wastes (Andon et al., 1985; DeMarini et al., 1987a).
Thus, we have explored the applicability and utility of preparing
and bioassaying DM (as well as methanol) extracts of the 15
hazardous waste samples used in the present study. We selected
samples that  were representative of wastes from diverse
manufacturing plants, including petrochemical, pharmaceutical, and
plastiecs manufacturing plants. We also tested combinations of
wastes from a variety of sources. Some of the samples were aqueous
wastes, some were organic wastes, and others were a mixture of both
types. Some wastes were from a single manufacturing process; others
were composite wastes from a variety of different manufacturing
processes. All of the wastes were liquid wastes, although many
contained solids. The fact that these 15 waste samples had been
partially chemically characterized (U.S. EPA, 1984), which is
information not normally available for hazardous wastes or other
complex mixtures, provided an additional reason for using these
wastes to explore bioassay procedures appropriate for hazardous
wastes.

MATERIALS AND METHODS

Wastes and Waste Extracts

Fifteen samples of hazardous industrial wastes were obtained from
Edward L. Katz, Hazardous Waste Engineering Research Laboratory,
U.S. Envirommental Protection Agency, Cincinnati, OH (Table 1).
Three of the waste samples (A, B, and C) were from 3 different
manufacturing plants (petrochemical, pharmaceutical, and plastics).
The remaining samples were from &4 commercial hazardous waste
incineration facilities that burn a mixture of hazardous wastes from
a variety of industrial sources.

Table 1 shows the results of a partial chemical characterization
that was performed on these samples (U.S. EPA, 1984). For the
purposes of a previous study on the performance of hazardous was
incinerators (U.S. EPA, 1984), 8 of the waste samples (B, E, F, G,
J, K, L, and M) were spiked with carbon tetrachloride and
trichloroethylene, which are not mutagenic in Salmonella (Kier et
al., 1986). Consequently, the concentrations of these 2 chemicals
in these 8 waste samples reflect this addition (Table 1). The
wastes were analyzed for the presence of a limited number of
priority organics and/or metals identified in the EPA Appendix VIII
list of priority pollutants (U.S. EPA, 1984). Thus, the chemical
characterizations shown in Table 1 should not be viewed as
indicative of the overall chemical composition of the wastes. The
procedures used to extract the wastes and to evaluate the wastes and
waste extracts in the Salmonella plate-incorporation assay have been
described previously (DeMarini et al., 1987b).
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Urine and Urine Extracts

Ten of the 15 waste samples were evaluated for their ability to
produce mutagenic urine based on the chemical diversity that they
represented. We had planned to dose animals with 4 different doses
for 10 days before collecting 24-h urine from 3 rats per dose.
However, the available amounts of waste samples permitted the use of
this protocol for only waste C. For the other 9 waste samples, a
single dose of the crude waste samples was administered by gavage to
70—day-old male F-344 rats. Doses were selected based on lethality
and the maximum volume that could be administered to the animals.
After dosing, rats were placed in metabolic cages (Nalgene), and
urines were collected on dry ice for 24 h from 2-3 rats receiving
the same dose of a particular waste. All of the urines were
centrifuged (10,000 rpm, 10 min.), filter sterilized (0.45-um
filter), and frozen at -20°C.

Portions of some of the urines were processed further as follows.
One ml of B-glucuronidase (Sigma Type VII from Escherichia coli) at
concentration of 1000 units/ml of potassium phosphate buffer (0.15
M, pH 7.4) was added to 2-10 ml of thawed urine, and the mixtures
were incubated th shaking for 1 h at 379 C. 1Iwo serially
connected Sep-Pak® (18 cartridges (Waters Assoclates, Milford, MA)
containing 1 g of adsorbent were prepared for use by eluting 40 ml
of methanol followed by 50 ml of double-distilled water. Then, each
fglucuronidase—urine incubate was poured through the columns,
followed by 40 ml of double-distilled water. Water was aspirated
from the columns until dry. Concentrates were then eluted with 2,
4-m1 aliquots of methanol. The methanol concentrates were
evaporated under a stream of nitrogen and solvent exchanged into a
volume of DMSO to produce 5-X concentrates. These were stored at
-20° C until they were bioassayed. Thus, there were two types of
urine for bioassay: (1) raw urine and (2) urine that had been
incubated with B-glucuronidase and extracted and concentrated 5X by
means of C18/methanol elution. The Salmonella plate-incorporation
assay was performed as described (Maron and Ames, 1983; DeMarini et
al., 1987b).

RESULTS

Of the 15 crude wastes evaluated for mutagenic activity in
Salmonella, 7 were mutagenic (Table 3). The mutagenic potencies
(rev/ug) ranged from 1 for waste G and 0, to over 1000 for waste A.
Four of the wastes (L, M, G, and 0) were positive only in strain
TA98, and all but waste G required S9. Three wastes (C, A, and F)
were positive only 1in strain TA100, and they were positive in the
presence and absence of S9. Dose-response curves for the mutagenic
wastes are shown in Fig. 1 (circles).

2-48



Extract (Table 2) were prepared for all of the wastes except for
waste B, which reacted violently with methanol--leading to the loss
of the sample. Of the 14 waste extracts evaluated, 4 were
mutagenlc, and their mutagenic potencies ranged from 2 for extract
H, to over 5000 for extract C (Table 3). Two extracts (H and J)
were mutagenic only in strain TA98; extract A was mutagenic only in
strain TA100; and extract C was mutagenic in both strains. Two
extracts (C and J) required S9, and 2 (H and A) were positive in the
presence and absence of S9. Dose-response curves for the mutagenic
extracts are shown in Fig. 1 (squares).

Raw urine from untreated control rats (up to 1 ml per plate) was not
mutagenic in strain TA98 plus S9 plus B-glucuronidase (Fig. 2). Of
the 10 wastes evaluated for urinary mutagenic 3 (C, L, and M) were
mutagenic (Table 4). Sufficient volumes of urine were available for
C18/methanol concentration for only 6 of the 10 urines studied. The
concentration procedure did not reveal mutagenic activity that was
not already evident from raw urine for these 6 urines. Thus, the 3
mutagenic raw urines, (C, L, and M) were also the only mutagenic
urine extracts (Table 4).

The <;s /methanol concentration procedure appeared to eliminate
cytotoxic components from the urines and to enhance the mutagenic
potencies of the mutagenic urines (Table 4, Fig. 2). In addition to
dose responses based on the amount of urine per plate, we used waste
C, which had been administered for 10 consecutive days, to generate
dose responses based on the amount of waste/rat (Fig. 2). A
qualitative summary of all of the data is shown in Table 5.

DISCUSSION

Mutagenicity Of Urine And Urine Extracts

Based on the wastes used here, the urinary mutagenesis assay does
not appear to provide any additional useful information beyond that
obtained from testing the wastes or waste extracts directly in the
Salmonella assay. Only 3 of the 10 wastes tested produced mutagenic
raw urine (Table 4), and all 3 of these wastes were mutagenic when
tested directly in Salmonella (Table 3). Combined with the
additional expense and time required to perform the wurinary
mutagenesis assay, this assay does not appear to be a useful adjunct
to testing the wastes or waste extracts directly for mutagenicity.

Although the urinary mutagenesis assay appears to be of limited
usefulness in screening hazardous wastes, the data presented here
are, to our knowledge the first report of the mutagenicity of urine
from rodents fed hazardous wastes. The results raise the issue of
whether the mutagenic component(s) of the hazardous wastes were
excreted unmetabolized or were converted to mutagenic metabolites.
Table 3 shows that, in general, the 3 wastes that produced mutagenic
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urine (wastes C, L, and M or their extracts) required S9 in order to
be mutagenic in strain TA98. Our preliminary studies (data not
shown) 1indicate that —glucuronidase was required to detect
mutagenic activity in the urine or wurine extracts. This 1is
congsistent with findings for many pure compounds studied in rodent
urinary mutagenesis assays (Legator et al., 1982) and suggests that
certain components of the wastes were metabolized and conjugated to
glucuronide.

Fractionating and concentrating the urines by means of the
C1g/methanol procedure did not identify a urine to be mutagenic that
was not identified as mutagenic from the studies with raw urine
(Table 4). Thus, this additional procedure did not enhance overall
detection capabilities. However, the Cjg/methanol concentration
procedure did appear to enhance the mutagenic potency of the three
mutagenic wurines (Table 4, Fig. 2). The procedure either
concentrated mutagenic components of the urine and/or reduced the
concentration of cytotoxic components in the urines, permitting
better detection of the mutagenic activity. The procedure did not
increase to the same extent the mutagenic potency of the three
urines. As shown in Fig. 2, it enhanced considerably the detection
of the mutagenicity of urine from rats fed waste L, but it did not
increase the potency of the urine from rats fed waste C (at least up
to 0.5 ml or ml equivalents/plate).

Mutagenicity of Wastes and Waste Extracts

The additional time and expense required to prepare the extracts did
not produce extracts that yielded much additional information that
was not obtainable from the crude wastes. Table 3 shows that 7
crude wastes were mutagenic, but for only 2 of theses (A and C) were
the extracts mutagenic. However, 2 wastes (H and J) were identified
as mutagenic based solely on the mutagenicity of their extracts.
Thus, out of a total of 9 mutagenic wastes, only 2 (22%) would have
been missed 1f only the crude wastes had been tested. It 1is
important to note that all wastes can be tested directly due to
aicrobial contamination or physical state, e.g., viscosity, pH,
etc. Thus, extraction/fractionation procedures will be necessary
for some, if not most, hazardous wastes in order to examine their
biological activity.

Design of Testing Schemes

Consideration also must be given to how complex a testing matrix
needs to be in order to have an acceptable detection capability and
still be cost-effective. For the 15 wastes tested, the matrix shown
in Table 3 requires the production of 120 dose-response curves, each
with at least 3 or 4 points, each in duplicate, and each repeated.
(Inclusion of the urine assay for all 15 wastes would add an
additional 30 dose-response curves.) Although only 2 strains and 2
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activation conditions were used, would a reduced test matrix have
produced an acceptable level of detection for these waste samples?

Judicious selection of a test matrix (and test battery) are required
to screen hazardous wastes for biological activity in a
cost-effective manner without an unacceptable loss of detection
capability. Considering the effort required to produce a test
matrix as large as the one in Table 3, the use of only strain TA98 +
S9 would have reduced the time and expense considerably, with the
concomitant loss of only ™ 207 of the detection capability provided
by the test matrix in Table 3. Consistent with this proposal is the
finding by the National Toxicology Program that the use of strain
TA98 or TA100 in the presence of S9 detects approximately 80% of the
mutagenic pure compounds in their data base that were identified
using 4 strains with and without S9 (Zeiger et al., 1985).

Chemical Analysis and Biological Activity

Although extremely limited, the partial chemical characterization of
the waste sample (Table 1) is more extensive than would be available
for most waste samples—--the vast majority of which would be of
completely unknown chemical composition. Because of the limitations
of the chemical analysis, a comprehensive picture of the composition
of each waste sample is lacking. Consequently, the chemistry does
not provide a ready explanation of the biolcgical effects. For
example, a comparison of the mutagenicity of the aqueous to the
organic phase of the waste samples shows that the organic phase is
more mutagenic than the aqueous phase for 3 out of 4 sets of waste
samples (Table 3). The wastes were analyzed for the presence of
only a few chemicals, representing a few chemical classes (organic
solvents, chlorinated organics, and metals). However, few of these
agents are mutagenic in Salmonella (Kier et al., 1986); thus, the
compounds and their concentrations shown in Table 1 do not predict
or even suggest the mutagenic activity exhibited by some of the
wastes.

This raises the issue of the relevance of this type of chemical
analysis, which is expensive and time—consuming to obtain, for
predicting the potential mutagenicity (or other biological
activities) of hazardous wastes. In order to explore this problem
further, Simons et al., (1987) have examined the lethality and
hepatic toxicity of 10 of these waste samples in the rat. The
presence of known hepatotoxins in these wastes suggested that some
of the wastes might be hepatotoxic. However, the chemistry did not
predict the lethality of the waste samples.

In our search of a suitable short-term test to either complement or
replace the Salmonella assay for screening hazardous wastes, we also
have examined the ability of these wastes to induce bacteriophage
lambda (Houk and DeMarini, 1987). The results indicated that this
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assay was more sensitive than the Salmonella assay, and it was
comparable to the Salmonella assay in terms of time and expense.

Current schemes used by the U.S. EPA and other agencies to identify
wastes as hazardous rely primarily on physical characteristics and
chemical composition of the wastes (Friedman, 1985). Greer (1984)
has discussed the limitations of the current definition of hazardous
waste, and the U.S. EPA has published possible guidelines to correct
this situation by adding health effects, including mutagenicity
data, to the evaluation of hazardous wastes (Federal Register, 1983;
1984a, b).

Both government (Federal Register, 1983; 1984 a, b) and industry
(Barfknecht and Naismith, 1984; Guiney, 1985) have recognized the
important role that short-term tests could play in the toxicological
assessment of hazardous wastes. This concensus has prompted us to
investigate the feasibility of such a proposal. Based on our
present results, short-term bioassays may offer an important insight
into the potential health effects of wastes and, thus, may aid in
the identifications of some wastes as hazardous.
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TABLE 1

concentration of Chemicals and Metals Identified in Hazardous Wastes (,g/9)

Hazardous Waste Incineration Facilities
petro- | Pharma- . 1 2 3
" a Chemical | ceutical Plastics " . . "
Chemical/metal Aqueous | Organic organic Aqueous Organic organic Agueous
A B [+ ] E F G H 1 ] K L L] N o

Aniline 14000 550000
Benzy! Cnloride 3000
Bis-(2-ethyi- 500 <100 3800 200 230 <10 <10

hexyh-phthalate
Butyibenzyl-phthalate <100 320 120 450 <5 8 160 140
Chiordgane ' <60 <60} 19000 | 19000
Chiorophenylisocyanate 21000
Cresolis) 2000 2500
Diethyiphthalate 620 | 1300 240 240
m-Dichiorobenzene 23000
o-Dichiorobenzene 46000
p-Dichlorobenzene 53000
m-Dinitrobenzene <100
Diphenylamine 6200
2.4-Dimethyiphenol 500 2000
Hexachiorobutadiene <10 <10 <10 <10
Hexachloroethane 560
Hexachiorocycio- <10 <10 230 260

pentadiene
Isophorone <100 110
Mononitrobenzene <100
Naphthaiene <100 <100 350 250 450 a4 49 450 490 38 33 <10 <10
Phenol 34000 1000 1500 § 1700 { 1800 2900
Phenytenediamine 2300
Phenylisocyanate 160000
Trans-1.4-dichioro- 53000

2-butene
1,2,4-Trichlorobenzene 290
Benzene <3 260 46000 | 58000 <10 <10
Carbon tetrachioride 68000 43000 <2 6000 3700 | 4400 |. <10 <10 5300 5700 9100{ 11300 <10 <10
Chiorobenzene 4100 390 500 <10 <10
Chioromethane 1200
Chioroform 2900 170 270 21 22 110 60 <10 <10
Cis-1,4-dichioro- 18000 N

2-butene
Methylene Bromide <10 <10] 3100 4700
Methyiene Chioride 21000 100 340 a4 60
Methyl Ethyt Ketone 27 9700 18000 | 38000 .
Tetrachloroethylene 41000 <1 28 7100 9800 1600 1300 7900 8100 87 150 <10 <10
Toluene 240000 110 2400 32000 | 45300 2900 2700 56000 | 48000 | 160000 | 330000 22 20
1,1.4-Trichloroethane <100 24000 | 16000 330 230 <10 <10
Trichloroethylene 4000 40000 <1 5500 3700 | 4400 90 85 8100 7800 8300 10300 <10 <10
Ag <3 <1 <1 <1 <1 <1 <1
As <24 <20 <20 <20 <20 <14 <14 <23 <23
Ba <7 110 140 6 7 1160 1150 290 1100
Be <2 <1 <1 <1 <1 <1 <1 <1 <1
Ca <5 6 6 <1 <1 153 15 49 55
cr <5 S0 57 3 3 431 4225 250 290
Hg <22 <10 <10 <10 <10 <4 <48 <50 <50
Ni <68 7 7 2 2 26 27 <4 <4
Pb <19 140 150 <10 " 1830 1800 1200 1300
sb <12 58 61 <10 <10 a37 373 <24 <24
se <470 340 <100 | <100 | <100 < <21 <160| <160
Tl <23 <20 <20 <20 <20 <9 <9 <22 <22
Si <1 <1
PH 2 8 7 7 6 7 7 7 7
water (%) 2 S 94 3 38 a8 95 67 21 23 5 S 94 96

aData from EPA {1984). Waste samples B. E. F, G, J, K, L, and M were spiked with carbon tetrachloride ana trichicroethylene: therefore, the concentrations of these 2
chemicails in these wastes reftect this addition.
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TABLE 2

SOLVENT EXTRACT{ONS OF HAZARDOUS WASTES

Phase separation® Final volumeb

Waste DCM Methanol (ml)
A No No 4
B No --C

c No No 5
D Yes 2

E No No 2

F No Yes 2.5
G Yes 2.5
H Nod Yes 2

| Yes ' 2

J No No 5
K No Yes 2
L No No 7
M No No 5
N Yes 2
o Yes 2

8Ten ml of each waste was subjected to
extraction as described in Materials
and Methods.

brinal volumes vary because variable amounts
of DMSO were required to reconstitute each sample
due to the different solubilities of the sampies.

CExplosive reaction occurred upon the
addition of methanol; no extract was
available for bioassay.

dphase separation occurred when both

solvents were added; DCM phase was
used for bioassay.

2-56



TABLE 3

MUTAGENIC POTENCIES OF WASTES AND WASTE EXTRACTS IN SALMONELLA

Revertants per ug@

Crude Wastes Waste Extracts

TA98 TA100 TA98 TA100
Waste +S9 -S9 +S9 -S9 +S9 -S9 +S9 -S9
A 1870 1326 79 37
B NTD NT NT NT
c 18 329 5581 168
F 3 4
G 1 1
H 6 2
J 3177
L 58
M 31
0 1

8Values are the model slopes calculated from the dose-response curves as
described in the Materials and Methods. Blank areas represent nonmutagenic
responses. Wastes or extracts of samples D, E, |, K, and N were not mutagenic.
The average DMSO control values (rev/plate £ S.D.) were: 52 * 8 (TA98 + S9),
33+ 5 (TA98 - S9), 156 * 19 (TA100 + S9), 151 = 12 (TA100 - S9).

DNT, not tested.

2-57



TABLE 4

MUTAGENIC POTENCIES OF URINES AND
URINE EXTRACTS IN STRAIN TA98

Amount of Revertants per ml
waste per or ml equivalents?@
Waste rat (g/kg) Raw extracts

C 0.2 395 455

L 2.5 259 1586

M 5.0 63 205

G 5.0

0 5.0

E 5.0

H 5.0 NT

J 2.5 . NT

K 2.5 NT

B 5.0 NT

3Values were calculated from the linear
portion of the dose-response curves as
described in the Materials and Methods.
Urines were tested in the presence of
S9 and B-glucuronidase. Blank areas
represent nonmutagenic responses. The
average control (no urine) value * S.D.
was 41 t 6.
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TABLE 5

SUMMARY OF RESPONSES

Wastesd Urines
Waste Crude extracts Raw extracts

c + + + +
L + - + +
M + - + +
G + - - -
0 + - - -
E - - - -
H - + - NT
J - + - NT
K - - - NT
B - NTD - NT
A + + NT NT
F + - NT NT
D - - NT NT
| - - NT NT
N - - NT NT

8Four responses (2 strains +/- S9) were merged
into one response for both the crude wastes and
the waste extracts (a total of 8 responses)
using the following criterion: |If a positive
response was obtained under at least 1 of the 4
test conditions, the summary response was
positive.

bNT, not tested.
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LEGENDS TO FIGURES

Fig. 1. Dose-response curves of crude wastes (circles) and waste extracts

Fig. 2.

{squares) in the presence (open markers) or absence (solid markers)
of Aroclor 1254-induced rat liver S9. Experiments were performed
as described in the Materials and Methods. Results are from

representative experiments.

Dose-response curves from strain TA98 of raw urines or urine extracts

from F-344 rats administered crude wastes. Dosing of animals, preparation
of urines and extracts, and bioassay protocols are described in Materials
and Methods. Waste C urines were collected after 10 days of dosing;

waste L and M urines were collected after a single dose performed

as described in Materials and Methods. Results are from representative

experiments.
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APPLICATION OF A SIMPLE SHORT-TERM BIOASSAY FOR THE
IDENTIFICATION OF GENOTOXINS FROM HAZARDOUS WASTES

Shahbeg S. Sandhu, Research Biologist, Genetic Toxicology Divisionm,

U.S. Enviroommental Protection Agency, Research Triangle Park,
North Carolina

ABSTRACT

The proper disposal of hazardous wastes currently generated and the
clean up of the waste disposal sites of the past is a challenge
facing regulatory agencies in the 1industrialized nationms. The
estimation of the levels of toxicity 1is an essential step in
prioritizing the industrial effluents and solid wastes for treatment
and disposal. A number of short-term bioassays has been developed
to supplement information from chemical analysis for evaluating the
potential of chemical complex mixtures to induce adverse human
health effects and environmental contamination. Among these
bioassays, plant test systems provide simple, inexpensive, and rapid
means o0 evaluating the toxic effects of industrial wastes based on
multimedia exposure. Two such assays, tradescantia thaliana and
Zea mays, have been used for monitoring the genotoxic effects of
ambient air, municipal wastes, industrial effluents, solid wastes,
water sediments, and pesticides. We applied the Arabidopsis embryo
assay to evaluate the mutagenicity of complex environmental mixtures
including coal and wood combustion extracts (from the People's
Republic of China), industrial effluents, and sludges. The coal and
wood smoke condensate samples were extracted with methylene chloride
and solvent exchanged to DMSO. The industrial waste samples were
tested either unextracted or as dichloromethane extracts. The
comparative analysis of the data on these samples in Arabidopsis and
in other commonly used ©bioassays will be presented. The
significance of short-term plant bioassays for use in environmental
assessment will be discussed.*

INTRODUCTION

Approximately 200 short-term in vitro and in vivo test systems (STT)
are currently available to evaluate the genotoxic potential of
environeental chemicals (Waters et al., 1984). These bioassays were
developed in the early 70's after a discovery by Dr. Bruce Ames
(1973) of the University of California, Berkeley, CA, that most of
the carcinogens can be identified by wusing simple microbial
mutagenicity bloassays. Most of these STT employ either im vitro
procaryotic or eucaryotic cells or in vivo animal test systems.
Substantial progress has been made in utilizing these assays for

*This is an abstract of a proposed presentation and does not
necessarily reflect EPA policy.
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identifying mutagens and carcinogens in a variety of products such
as agricultural chemicals, drugs, consumer products, industrial
chemicals, etc. Since humans are rarely exposed to Iindividual
chemicals, but exposure occurs mostly to a mixture of chemicals, the
STT technology has been applied for evaluating the genotoxicity of
complex chemical mixtures such as industrial emissions, effluents,
and hazardous waste samples, and for evaluating the level of
mutagenicity in the ambient eaviromment.

One of the STT that appears very useful for identifying mutagens and
presumptive carcinogens in the enviromment 1is the Arabidopsis embryo
assay (AFEA). Originally developed by Andreas Muller (1963, 1965),
this assay has been used to assess the mutagenicity of over 120
chemicals (Gichner and Veleminsky, 1967; Redel et al., 1980;
Veleminsky and Gichmer, 1968; Gichner et al., 1982), and complex
mixtures (Sandhu and Acedo, 1986; Acedo et al., 1987). One of the
easily detectable genetic endpoints in the AEA is the loss of
chlorophyll pigmentation in the developing embryos of the mutant
population. As an in vivo bioassay, Arabidopsis offers certain
unique advantages which include: (1) short study period (4 weeks),
(2) economy of space (200 plants can be grown ian a petri dish), (3)
high fecundity, (4) easy to grow and score for mutation, (5)
multiple genetic endpoints, and (6) induced mutations are observed
in the progeny of the exposed population. Although data are
limited, it appears that this small crucifer has the capability to
biotransform promutagens into ultimate mutagens (Redei et al., 1984).

Since the usefulness of AEA for evaluating the mutagenicity of
individual compounds has been established, we have attempted to
extend its utility for assessing the genotoxic hazard of complex
environmental mixtures. In the study reported here we have applied
AEA for analysis of the genotoxicity of five hazardous waste samples
obtained from a phenyl mercuric acetate plant.

MATERIALS AND METHODS

Hazardous Waste Samples

Two liquid effluent and three solid waste samples from a mercuric
acetate plant were received through Versar, Inc., New Jersey. The
liquid samples were Cosan Scrubber water and Cosan Separated water.
The Cosan Scrubber water sample was very alkaline (pH 11.0), whereas
the Cosan Separated water sample was extremely acidic. The three
solid samples were 1identified as Noudex Presscake No. 2 (NP2),
Noudex Presscake No. 3 (NP3), and Noudex-Hg (N-Hg) recovery sludge.
These samples were evaluated for thelr genotoxic effects either as
crude samples or after extraction with methylene chloride or water.
The pH of the liquid samples was adjusted to 7.0 for Cosan Scrubber
and to 5.0 for Cosan Separated to allow the growth of Arabidopsis.
Concentrations of the sample ranging for 0.1-1,000 mg/ml were made
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with buffered mineral medium (Redei, 1965). A total volume of 1 ml
of the test solution contained in scintillation vials was used for
treatment.

Sample Preparation

The solid samples were tested in their crude form, as received, and
as aqueous or methylene chloride extracts. For testing the crude
samples, seeds were exposed by planting them directly in mixtures
containing wvarious proportions of the test material and Promix™™
medium (Premier Brands, New Rochelle, NY 10804). The mixtures were
prepared by kneading the desired amount of Promix™™ and sample
together in a plastic bag and putting the mixture in petrl dishes
where the Arabidopsis is grown.

Aqueous extracts of the solid samples were obtained by preparing 1:1
(v/v) mixtures of sample and deionized water. These mixtures were
allowed to stand for 1 h, centrifuged at 4,500 rpm for 10 min, and
the supernatants were collected. Dilutions of these extracts were
tested for evaluating the the genotoxicity of these samples.

Methylene chloride extracts were solvent exchanged to DMSO to a
concentration equivalent to 1 mg/ml, and further dilutions ranging
from 0.01-0.50 mg/ml were made and evaluated for their genotoxicity.

Arabidopsis Assay Protocol

For testing 1liquid samples and sample extracts, approximately 300
seeds of Arabidopsis thaliana (Columbia wild type), contained in a
small cloth bag, were 1immersed in each vial of test solution for
about 12-15 h at room temperature. At the end of the treatment
period, the seed bags were rinsed under running tap water for 1 h.
The washed seeds were dispersed in water and planted in glass Petri
dishes (85x75 mm) containing pasteurized Promix medium. The
dishes were subsequently placed in a growth chamber set to provide a
16-h photoperiod and a temperature of 24 C.

Crude samples (nonextracted solid samples) were tested by growing
the Arabidopsis seeds 1in Petrl dishes containing sample/Promixm
mixtures, then placing the dishes in the growth chamber.

After 3 weeks of growth (Fig. 1), when the seeds were mature but not
yet brown, three fruits from each of the 100 plants selected at
random for each concentration were opened with sharp forceps. The
embryos within these fruits were scored for white (mutant) embryos
among the normal green embryos (Fig. 2). The extent of sterility
induced by each concentration was also determined. Sterility is
manifested as empty spaces within a fruit or in severe cases no
fruits are formed at all along the stem.
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Each experiment contained a concurrent positive control (0.2% EMS)
and a solvent negative control. The data presented are an average
of the two experiments except for the methylene chloride extracts
for which the results of a single experiment are given. Confidence
intervals (CI) were determined using the statistical methods of
Ehrenberg (1977).

In evaluating the experimental data, a sample was considered
mutagenic to Arabidopsis if it induced a twofold or greater increase
in the number of chlorophyll wmutants at two or more doses as
compared to solvent control or if it induced dose-related 1increases
at three or more doses.

RESULTS

The data on the mutagenicity of the liquid samples, Cosan Scrubber
water and Cosan Separated water, presented in Table 1 indicate that
both samples are mutagenic for Arabidopsis. A slight dose response
in mutagenicity is indicated by Cosan Scrubber water, and although
Cosan Separated water shows a similar trend, there was no further
increase in mutagenicity beyond the concentration of 1 mg/ml
(Fig. 3). In addition to mutagenicity, a high degree of sterility
was induced by 10 mg/ml of Cosan Scrubber water and the undiluted
(1,000 mg/ml) Cosan Separated water (Table 1). Germination of the
treated seeds was considerably reduced at higher concentrations.
These results must, however, be viewed with caution since the pH of
both samples had to be drastically adjusted prior to testing to
allow growth of Arabidopsis. The alkaline Cosan Scrubber sample was
ad justed using whole pellets of KOH. Although these pH changes were
necessary to allow testing, it 1is quite probably that some
components of these complex mixtures were substantially altered 1in
the process. The nature of these alterations and their effect on
the overall mutagenicity of the samples is not known.

The solid waste samples, Noudex NP2, NP3, and N-Hg recovery sludge
were tested as unextracted crude samples as well as after extraction
with wmethylene chloride and water. The toxicity range—-finding
experiments showed that the unextracted crude samples were very
toxic for Arabidopsis. Therefore, these materials were tested for
nutagenicity after various dilutions with Promix medium. The
mutagenicity of these samples for Arabidopsis 1is shown in Table 2.
NP2 was very toxic to Arabidopsis. Even after mixing 1 part of the
sample with 9,000 parts of PromixX’the survival of the treated plants
was only 50%. At this low concentration, NP2, however, induced
about four times more chlorophyll mutations than the solvent control
(Table 2). It was interesting to note the relatively low degree of
sterility (7.7¥) induced in the surviving plants, indicating that
the observed toxicity may be primarily due to Iinhibition of growth
rather than interference with genetic mechanisms. Proportions of
sample lower than 1:9,000 were not tested due to difficulties
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encountered im accurately measuring and mixing with Promix such a
small amount of the sample.

NP3 and N-Hg recovery sludge were relatively 1less toxic to
Arabidopsis as compared to NP2. Nevertheless, both samples were
mutagenic for Arabidopsis (Table 2).

The results of the treatment of Arabidopsis with the samples
extracted with methylene chloride are shown in Table 3. All three
samples were positive for mutagenicity; however, dose-related
response was not observed for these extracts. For lack of sample
availability, testing at doses lower than 0.1 mg/ml and a repeat
experiment could not be performed.

Table 4 shows the mutagenicity for Arabidopsis after treatment with
the aqueous extracts from each of the three solid samples. NP3 and
N-Hg recovery sludge samples showed dose-related mutagenic response
although the mutagenicity values are much lower than that of NP2. A
high degree of sterility was induced by N-Hg especially at 100Z
concentration of the extract.

DISCUSSION

The 1identification and proper disposal of hazardous wastes are
challenges facing regulatory agencies 1In the 1industrialized
nations. At present, most of the regulatory agencies, including the
U.S. EPA, use chemical components of the industrial wastes as a
basis for hazard evaluation (Friedman, 1985). However, chemical
analysgis 1s currently limited to the detection of only a few known
toxic compounds, whereas numerous other potentially harmful
genotoxins may be undetected. Even if all the chemicals present in
hazardous wastes were identified (which is an improbable task),
chemical analysis alone will not provide information on the
synergistic and antagonistic effect that may result from the
interaction of these complex chemical mixtures. Therefore a
biological evaluation along with their chemical analysis has been
repeatedly emphasized for assessing the health hazards of complex
chemical mixtures (Waters et al., 1978; Sandhu et al., 1987).

A large assortment of STT may be utilized for the evaluation of
hazardous industrial wastes, and plant bloassays are uniquely
suitable for this purpose. Certain bioassays such as Zea mays
(Plewa, 1984), Tradescantia micronucleus assay (Ma et al., 1983),
and Tradescantia gene mutation assay (Schairer et al., 1983) have
been very useful for evaluating the 1levels of genotoxins in the
terrestrial and aquatic environment (see review by Ma and Harris,
1985). The primary advantages of the plant systems are their
simplicity, cost effectiveness, and their utility in assessment of
simultaneous multimedia exposure. In contrast to cell culture
bioassay, one does not have to worry about microbial contamination.
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The purpose of analyzing the hazardous waste is twofold: (1) to
assess its overall health hazards for its proper disposal and (2) to
identify the specific components of the waste responsible for the
particular effects so that control technology can be applied to
minimize the production of toxic chemicals. In the study reported
here, we have applied a simple bilocassay in an attempt to accomplish
the first objective. Our choice of test samples, obtained from a
phenyl mercuric acetate plant, was based on thelr availability. The
data presented in this study are based only on results from crude
samples and on methylene chloride and aqueous extracts. Although
extraction reduced cellular toxicity, it did not alter the
qualitative mutagenicity results of the samples. Therefore, 1if
samples are not very toxic, testing complex mixtures directly
without elaborate sample preparations may be a convenient way to
make a preliminary assessment of thelr genotoxic potential.
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Figure 1.—A dish containing 200-250 Arabidopsis thaliana plants 3
weeks after planting.

Figure 2.—A Arabidopsis thaliana plant with segregating white and
green embryos.

Figure 3.-——Mutagenicity induced in Arabidopsis by the Cosan liquid
samples.
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Figure 3. Mutagenicity induced in Arabidopsis by the Cosan liquid samples.
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Table 1. Mutagenicity of Cosan Liquid Samples in the Arabidopsis Embryo

Assay
% of Fruits
Sample Concentration Germination Containing Sterility
(mg/ml) (%) Mutants * CI (%)
Cosan Scrubber 0.1 95.5 15.5 * 4.94 1.5
Water 1.0 97.5 19.5 + 8.90 8.5
10.0 99.0 20.8 * 13,77 14.0
100.0 73.0 23.6 * 7,75 2.0
1000 .0 50.0 32.0 £ 4.76 3.5
Cosan Separated 0.1 97.5 18.0 £ 1.96 4.5
Water 1.0 89.0 22.6 * 8.64 7.8
10.0 96.0 24.4 * 13,95 4.6
100.0 55.0 28.9 * 16.60 2.0
1000.0 52.0 28.6 * 9.29 40.0
Solveat Coatrol 0 100.0 4.0 £ 2,78 0
(mineral medium)
Positive Control 0.20 97.0 80.0 £ 1.96

(EMS)
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Table 2. Mutagenicity of Three Solid Waste Samples in Arabidopsis

Proportion % of Fruits
Sample (Sample: Germination Containing Degree of
Promix™ (% Chlorophyll Sterility
v/v) Mutants * CI (%)
Noudex Presscake 1:9000 50 19.2 £ 5.50 7.7
No. 2
Noudex Presscake 1:4000 85 15.0 £ 5.90 8.3
No. 3 1:2000 95 19.3 £ 2,70 13.8
1:1000 94 20.5 = 8.44 17.9
Noudex Hg 1:4000 80 19.0 £ 7.86 6.5
1:2000 83 16.5 £ 4.91 8.5
Promix™ only 98 5.0 £ 1.96 3.0
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Table 3. Mutagenicity of Methylene Chloride Extracts in Arabidopsis (data
from one experiment)

Z of Fruits
Sample Concentration Germination Containing Degree of
(mg/ml) (%) Chlorophyll Sterility
Mutants (%)
Noudex Presscake 0.01 90.0 25.6 15.0
No. 2 0.10 91.0 22.0 4.0
0.25 95.0 22.6 1.0
0.50 88.0 22.0 13.0
Noudex Presscake 0.01 98.0 12.0 10.0
No. 3 0.10 86 .4 13.0 12.0
0.25 85.0 18.0 0
0.50 82.7 13.0 12.0
Noudex Hg 0.01 100.0 8.6 1.0
0.10 100.0 14 .0 10.0
0.25 89.0 18.0 3.0
0.50 87.3 14.0 13.0
Solvent Control 100.00 86.5 7.0 7.0

(DMSO)
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Table 4., Mutagenicity of Aqueous Extracts in Arabidopsis

% of Fruits

Sample Concentration Germination Containing Degree of
(%) (%) Chlorophyll Sterility
Mutants % CI (%)
Noudex Presscake 1.0 85.0 18.9 £ 5.70 0
No. 2 10.0 67.0 26.5 * 0.98 1.0
100.0 50.0 21.5 £ 2,95 9.0
Noudex Presscake 1.0 100.0 5.0 £ 3.93 0
No. 3 10.0 100.0 8.0 £ 5,90 0
100.0 65.0 13.7 £ 6.55 2.8
Noudex Hg 1.0 100.0 6.0 £ 3,93 9.0
10.0 70.0 8.3 t 7,27 6.0
100.0 63.0 11.5 * 6.88 18.0
Solvent Control 0 100.0 5.0 £ 1.96 0
(water)
Mutagen Control 0.20 100.0 81.5 £ 0.88 80.0

(EMS)
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APPLICATION OF BATTERY OF AQUATIC TOXICITY TESTS TO SOLID WASTE
LEACHATE CHARACTERIZATION AND ENVIRONMENTAL EFFECTS PREDICTION

Donald I. Mount, Senior Scientist, Environmental Research Laboratory
Duluth, U.S. EPA, Duluth, Minnesota

ABSTRACT

Most regulatory concerns about chemicals in effluents and leachates
are based on toxicity to some kind of organisms. Only organisms can
sense toxicity; analytical instruments cannot. Minimization and
control of toxicity, as a characteristic of complex water is becoming
commonplace. Tests to measure toxicity of effluents are well
established and are performed by many laboratories. The ability of
these tests to predict impact in receiving water has been extensively
tested. Methods are now becoming available to identify, fractionate,
and reduce cause of toxicity to permit source control, if practicable.
The use of toxicity tests is a cost-effective method to identify where
toxicants need to be controlled and what type and degree of treatment
may be needed to limit emissions to acceptable levels.
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SCREENING OF COMPLEX SOLID WASTES FOR CHEMICALS WHICH BIOACCUMULATE
AND CAUSE ENVIRONMENTAL HAZARDS

Gilman D. Veith, Director, Environmental Research Laboratory-Duluth,
Duluth, Minnesota

ABSTRACT

The complex waste research program of this laboratory is developing
rational hazard ranking protocols to assist in option selection. If
the waste is wuncharacterized chemically, the low-cost toxicity
assessment and fractionation protocol presented by Donald Mount in
this conference will enable toxic waste streams to be minimized. If
the waste has been characterized chemically, the relative hazards of
the chemical as well as the toxicity of the mixture of chemicals can

be adequately estimated from the list of chemicals using the QSAR
system.

The QSAR system is an integrated chemical information and modeling
system based on structure-activity relationship. The system
integrates the environmental toxicity database, AQUIRE, the chemical
properties database, CHEMPROF, with a variety of other toxicity
databases. Unavailable data for 14 Kkey chemical properties,
biocoaccumulation potential, acute and chronic toxicity, persistence,
and carcinogenicity are estimated for each chemical £from the
structure. Finally, the toxicity data are incorporated into the
ERL-Duluth joint toxic action models to estimate the toxicity of the
complex mixture. We have found these estimates limited only by the
accuracy of the chemical analysis.
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BIOACTIVITY DIFFERENCES OF WATER AND SODIUM ACETATE
ELUATE FROM MUNICIPAL AND INDUSTRIAL WASTES

Spencer A. Peterson, Joseph C. Greene and William E. Miller,
Corvallis Enviroanmental Research Laboratory, Hazardous Wastes and
Water Branch, Hazardous Waste Assessment Team; and David C. Wilborn,
Northrop Services, Inc., Corvallis, Oregon

ABSTRACT

Aqueous and sodium acetate eluates prepared from municipal and
industrial waste products, and the sodium acetate extraction fluid
(eluent) recommended in the EPA Toxicity Characteristic Extraction
Procedure (TCLP) were assayed for their toxicity poteantial. The
biloassays included algae, Selenastrum capricornutum;
macroinvertebrates, Daphnia magna; lettuce root elongation, Lactuca
gativa L.; and Microtox, Photobacterium phosphoreum. The pH 5.0
TCLP sodium acetate eluent was highly toxic to each of the
organisms. Adjustment of 4its pH to 7.0 decreased toxicity
approximately 2.5-fold for algae and lettuce, and 6-fold for D.
magna. This reduction, while statistically significant, did not
change the toxic classification of the TCLP eluent. Photobacterium
phosphoreum was unaffected by pH 7 sodium acetate after 30-minutes
exposure. Toxicity of the industrial waste TCLP eluates to S.
capricornutum and D. magna was similar to that obtained with water
extraction. The response of D. magna to the TCLP eluates from
sewage sludge (POTW #2), municipal ash, paint sludge, Midco volatile
soil, and PFirst Chemical indicated that these samples contained
acetate soluble contaminants which were more toxic than the acetate
eluent itself. Bioassays detected toxicity in either TCLP or water
eluted samples. Toxicity of water eluted samples can be attributed
only to materials leached from the waste. Toxicity of the TCLP
eluted samples 1is complicated by the wuncertainty of how much
toxicity is attributable to the leachate itself vs. the materials
leached from the samples.

INTRODUCTION

The Environmental Protection Agency (EPA) has developed a Toxicity
Characteristic Leaching Procedure (Friedman, 1985), designed to
simulate waste leachate from a sanitary 1landfill. The Toxicity
Characteristic Leaching Procedure (TCLP) replaces the Extraction
Procedure (EP) toxicity test recommended in the 1976 Resource
Conservation and Recovery Act. The EP toxlcity test is designed to
extract and screen for heavy metals, whereas the TCLP is designed to
extract and screen for heavy metals and organic contaminants.

The TCLP involves mixing site samples with sodium acetate in a
specially designed extractor vessel capable of handling volatile and
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nonvolatile organic compounds. The extracted contaminants are
chemically analyzed to determine the composition of the eluates from
samples collected at hazardous waste sites and sanitary landfills.
Sodium acetate was chosen after comparing the chemical analysis of
waste mixture eluates extracted with carboanilc acid, deionized water,
or pH 2.9 and 5.0 buffered solutions of sodium acetate. No attempt
was made to determine toxicity of the various eluents. It is
assumed that toxicity of a sodium acetate TCLP waste eluate is
represented by the sum of the toxicities of its 1individual,
chemically analyzed constituents. This assumption is flawed because
the authors of chemical criteria did not intend for them to be used
additively (they specifically advised against i{it). Furthermore,
chemical criteria values were developed in aqueous solutions or with
water soluble organic solvents known as toxicity. The toxicity of
an eluent must be established if it is used to prepare eluates in
which living organisms will be used to assess toxicity.

Daniels (1981) cited acetic acid as an example of an organic solvent
that has toxicity characteristics in and of itself. The concern for
this problem led us to evaluate the feasibility of using TCLP acetic
acid derived eluates during biological assessment of the toxicity of
solid waste leachates. The evaluation was performed by testing both
aqueous and TCLP eluates and comparing the resultant EC50 or LCsg
concentrations.

Jackson et al. (1984) and Porcella (1983) recommend deionized water
as the eluent for determining the potential fate and environmental
hazard of chemicals at hazardous waste sites and landfills. The
advantages of deionized water are that: (1) it is nontoxic to test
organisas; (2) it is a clean, readily partitioned solvent for
inorganic and organic analysis; (3) it is a realistic solvent, given
that so0il leachate mobility is driven primarily by precipitation
events; and (4) 1its use permits prediction of the amount of water
soluble contaminants that might be mobilized from a specific waste
site soil, sludge, or landfill sample.

The U.S. EPA Office of Solid Waste (OSW) wanted to determine the
feasibility of using TCLP eluates for biological toxicity
characterization of wastes in addition to the chemical
characterization. The objectives of this study were to: (1) define
toxicity of the recommended TCLP sodium acetate eluent; aod (2)
determine the suitability of aqueous vs TCLP eluates for assessing
toxicity of leached substances.

METHODS
Selected industrial wastes, sewage sludges, municipal ash, a
dimethylphenol Fullers earth positive toxicant control, and the TCLP

eluent solutions (pH 5 anod pH 5 adjusted to 7) were bloassayed.
TCLP eluates from the wastes were prepared by ENSECO,l 1Inc.,
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Cambridge, Massachusetts, in accordance with the conditions set

forth in the proposed TCLP and sent to CERL under the direction of
Gail Hanson, EPA, OSW, Washington, D.C.

Bioassays performed on the eluates were a 96-hr algal test
(Selenastrum capricornutum) and a 48-hr macroinvertebrate test
(Daphnia magna) according to the methods and data quality assurance
requirements prescribed by Porcella (1983). They were bioassayed
with the Microtox (Photobacterium phosphoreum) test conducted

according to Beckman (1982) and the lettuce (Lactuca sativa L.) root
elongation (RE) test.

The RE tests were conducted in 100-mm diameter glass petri dishes.
Each dish contained 4.0 ml of test solution dispensed onto a sheet
of 90-mm diameter #3 Whatman filter paper. Five seeds were placed
in each of three replicate control and treated petri dishes and
incubated at 24 + 2°C in the dark for 120-hours. At the end of the
incubation period, percent germination was recorded and individual
root length was measured.

The pH tolerance limits for each bioassay test organism has been
established (Miller et al., 1978; Greenme, 1984) as follows: S.
capricornutum, 5.5-10.0; D. magna, 6.5-10.05; L. sativa, 3.5-10.0;
P. phosphoreum, 6.0-9.0. Therefore, the pH of TCLP eluates (3.8 to
5.8) were ad justed, prior to assay, to ensure against pH shock. The
pH of all water eluates ranged from 6.9 to 8.9 and were not adjusted.

Water eluates were prepared by mixing 1.0 kg of solid waste sample
with 4.0 liters of deilonized water. The mixtures, each contained in
a 10-liter cubitainer, were shaken at 100 rpm in a constant
temperature room held at 24 + 2°C. The waste/water mixture was
centrifuged in 300 ml polycarbonate bottles for 10 minutes at 10,000
rmp. The centrifugate was filtered through a 0.45 um membrane
filter prior to assay.

The pH of each TCLP eluate was adjusted to fall within the range of
6.5 to 7.5 with 0.1 N NaOH prior to assay with S. capricornutum, D.
magna, and L. sativa. The neutral pH (7.0 + 0.5) of the 2% NaCl
Microtox osmotic adjustment solution was unaffected by the small
volume (usually 1.5 ml) of the TCLP eluates added to the Microtox
test medium, thus no pH adjustments were necessary.

EC5g eluate concentrations for S. capricornutum and the results of
the root elongation (RE) test were calculated by linear regression
analysis of the control and treatment measurements. The trimmed
Spearman-Karber method of probit analysis (Hamilton et al., 1977)
was used to calculate D. magna LCs5p values.
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RESULTS AND DISCUSSION

Sodium Acetate Toxicity

The first objective of this study was to define the toxicity of the
TCLP sodium acetate elueant. A volume to volume dilution series of
the pH 5 and pH 5 adjusted to pH 7 eluents was prepared and assayed
with P. phosphoreum, D. magna, S capricornutum, and L. sativa. The
mean LCsg or EC5p responses are reported in Table 1. Tests
conducted at pH 5 demonstrated very high "toxicity”™ responses, i.e.,
very toxic at low conceantrations of elueat. It took only O0.5%
eluent to produce an EC5) response with S capcricornutum while 7.6%
eluent was required to produce an LC5( response from D. magna

Assays with P. phosphoreum, D. magna, S. capricornutum, and L.
sativa are normally run within the tolerance limits of PH 6 to pH
10. Therefore, the pH 5.0 sodium acetate bloassay results are
unreliable relative to toxicity per se vs pH shock. Because of
this, the assays were also conducted on the eluent with the pRH
adjusted to 7 (well within the tolerance 1limits of all the test
organisms). The same order of sensitivity was demonstrated with
TCLP eluent adjusted to pH 7 as was seen in tests conducted at pH
5.0. Adjustment of pH from 5 to 7 eliminated pH shock. Therefore,
the pH 7 column reflects toxicity of the TCLP sodium acetate eluent
in and of itself (Table 1). These data demonstrate that the eluent
is: highly toxic to S. capricornutum and L. sativa; moderately
toxic to D. magna; and poatoxic to P. ghosghoreuu, according to the
rankings of Porceila (1983).

Water Eluate Toxicity

EC5q9 values, and their respective 95 coufidence limits, for the
water eluates of waste samples, are presented in Table 2. The
municipal ash samples, including the algal response observed in the
#2 sample, were nontoxic. Chemical analysis of the #2 municipal ash
eluate measured 1.5 mg/l aluminum. Aluminum is a phosphorous
removal agent (Cooke at al. 1986). Addition of phosphorus to #2
muanicipal ash eluate, in excess of its reactive aluminum content,
restored the yleld of S. capricornutum to that obtained in the
control. The highly toxic algal response to the #2 ash eluate was
due to inactivation of phosphorus and not to toxicity. D. magna was
the ounly test organism to identify the toxicity of the water
extracted Fullers soil #1 and #2 (positive toxicant control) samples
spiked with 50 and 150 mg/1 dimethylphenol, respectively. Each of
the aquatic tests identified the First Chemical and paint sludge
industrial waste eluates as being highly toxic (Table 3).
Approximately 78%7 f the water eluates were toxic to D. magna, 67% to
S. capricornutum. and 222 to P. phosphoreum.
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Table 1. Response of test organisms to TCLP sodium acetate extraction eluents

at pH 5 and at pH 5 adjusted to pH 7,

Results are reported as v:v

(%) ECgp or LCsp (Daphnia) eluent concentrations.

pH 7 pH 5
Bioassay Mean 95% CI Mean 95% CI
S. capricornutum 1.2 0.9 - 1.7 0.5 0.2- 0.8
Microtox 30-min NO EFFECT 2.1 0.3- 3.7
Lettuce Root Elong. 15.0 6.4 -26.8 5.7 0.0-18.3
D. magna 45.8 43.7 -48.0 7.6 7.1- 8.0
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Table 2. LCSO1 or ECgy response (as % of eluates) of test organisms to water
eluates from selected sewage sludge, municipal ash, and industrial

waste samples,

Sample ID Algae D. magna Microtox Lettuce REZ
POTW SLUDGE #1 13,840 34,280

Tower 95% CI 8.350 29.02 NE3 NE
upper 95% CI 18.340 40,490

POTW SLUDGE #2 21.760 43,43

lower 95% C1 5.200 42,430 NE NE
upper 95% CI 48.900 43.43

MUNICIPAL ASH #1

lower 95% C1I NE NE NE NE
upper 95% CI i

MUNICIPAL ASH #2 14,5604

lower 95% CI 9,140 NE NE NE
upper 95% CI 21.400

PAINT SLUDGE 0,270 3,930 0,940 1.4
lower 95% CI 0.038 3.490 0.830 0.6
upper 95% CI 0.580 4.420 1.050 2.9
MIDCO VOLATILE SOTL 26.560 86,260 83.5
Tower 95% CI 11,330 77.050 NE 32.4
upper 95% CI 43,740 95 .850 100.0
DMP FULLERS SOIL #1 84.5/70

lower 95% C1 NE 80.430 NE NE
upper 95% CI 100.000

DMP FULLERS SOIL #7 62.300

Tower 95% C1 NE 48,500 NE NE
upper 95% CI 80.010

FIRST CHEMICAL 0.005 0,001 0.054 3.1
lower 95% CI 0.001 0.001 0.046 2.5
upper 95% CI 0.009 0.002 0.062 3.9

1 LCgy is for D. magna.

2 RE”= root elongation.

3 NE = no observable toxic effect.

4 Results were caused by inactivation of phosphorus by aluminum,

did not contain toxic constituents.
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Table 3. Toxicity classification of OSW water and TCLP eluates.!

30 Min

Algae Daphnia Microtox

Waste Sample Water/TCLP Water/TCLP Water/TCLP
First Chemical H / H H /H H / H
Paint Sludge H /H H /H H /H
POTW #1 H /NSD M /NSD NE / H
Municipal Ash #2 H /H NE / H NE / H
POTW #2 M /NSD M /NSD NE / NE
Midco Soil M /H L /H NE / H
DMP Fullers Soil #1 NE3 /NSD L /NSD NE / H
Municipal Ash #1 NE / H NE / H NE / H
DMP Fullers Soil #2 NE /NSD M /NSD NE / NE
" 67 / 564 78 / 56 22 /0

1 Toxicity of the eluates ranked as high (H = < 20%), moderate (M = 20-75%),
and low (L = > 75%) according to Porcella (1983).

2 NSD = Not significantly different from that obtained for pH 7.0 TCLP eluent

(Table 1),

3 NE = no observable toxic effect in 100% water eluate.

4 percent of OSW water and TCLP eluates, respectively, which exhibited toxicity.
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TCLP Eluate vs. Water Eluate Toxicity

The second objective of this study was to evaluate TCLP and water
eluate toxicity of the same samples (Table 2 and 4). Interpretation
of these results is confounded by the fact that the TCLP eluent may
have introduced a toxic effect into the overall TCLP toxicity
value. If the toxic effect of the eluent was predictable, one could
theoretically account for it by calculation of the leached substance
toxicity value, i.e., total toxicity - eluent toxicity = eluate
toxicity. However, as pointed out by Daniels (1981), there are too
many uncertainties associated with chemical mixture toxicity
(synergism, antagonism, degradation compound effects, etc.) to make
this simple assumption. For example, toxicity of four TCLP eluates
for S. capricornutum and D. Magna (Table 4) fall within the
confidence 1limits developed for the pH 7 TCLP eluent (Table 1).
However, interpretation of these results is impossible, relative to
eluent vs. eluate toxicity given the test organisms sensitivities
and the range of response exemplified by the confidence 1limits for
the test, i.e., all of the toxicity response could be due either to
the eluent or to a combination of eluent and eluate components.

S. capricornutum and D. Magna response to the municipal ash #1 and
72, paint sludge, Midco volatile soil, and PFirst Chemical TCLP
eluates (Table 4) all produced EC5gps or LC50s, lower than, and
outside of, the confidence intervals shown for the pH 7 TCLP eluent
in Table 1. The highly toxic response for these samples would
suggest that something in these eluates produced a toxic effect in
addition to the toxic effects of the eluent.

D. Magna responses for POTW sludge f1, and DMP Fullers soil #1 and
¥2 eluates are within the levels of toxicity associated with the
TCLP eluent. The S. capricornutum respouse to the POTW sludge #2
eluate was the same as that measured for the TCLP eluent. These
observations are of particular interest when compared with D. magna
and S. capricornutum water eluted toxicities for the same samples.
Water eluate toxicity for POTW #1 was moderate for D. magna to high
for S. capricornutum; that for DMP Fullers soil #1 and #2 were low
to moderate for D. Magna and nontoxic to S. capricornutum. The TCLP
eluate D. magna respounses for the POTW sludge and Fullers soil
samples “fall within the range of confidence limits expected for the
pH 7 TCLP eluent.

First Chemical and paint sludge TCLP and water eluates was highly
toxic to all four of the test organisms. Comparison of the toxicity
classification of the water vs TCLP eluates in Table 3 shows that
the First Chemical, paint sludge, Midco soil and municipal ash TCLP
eluates are highly toxic to S. capricornutum, D. magna and P.
hosphoreum. A shift in toxicity from low or moderate to high
Enidco soil) and no observable effect highly toxic (Muaicipal Ash
#1) was obtained by TCLP extraction using D. magna and S.
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Table 4. or ECEB response (as % of eluates) of test organisms to pH
adJusted 1C eluates from selected sewage sludge, municipal ash, and
industrial waste samples.

Sample ID Algae D. magna Microtox Lettuce REZ
POTW SLUDGE #1 0.630 50,580 12.23 4,28
lower 95% CI 0.520 44,400 7.30 2.82
upper 95% CI 0.740 57.400 17.12 6.09
POTW SLUDGE #¢2 1,250 39,360 56,77
lower 95% CI 0.990 30.940 NE3 45.84
upper 95% CI 1.730 50.070 70.29
MUNICIPAL ASH #1 0.3%0 8.300 11.38 41.29
lower 95% CI 0.280 6.970 10.38 34,41
upper 95% CI 0.520 9.880 12.37 48.44
MUNICIPAL ASH #¢ 0.240 5.140 5.10 19,22
lower 95% CI 0.040 3.960 3.69 13.21
upper 95% CI 0.450 6.670 5.61 26,51
PAINT SLUDGE 0.360 1.210 0.9° 1.6l
lower 95% CI 0.180 1.040 0.42 1.10
upper 95% CI 0.570 1.400 0.60 2,28
MIDCO VOLATILCE SOIL 0.200 0.270 7.15 14,18
lower 95% CI . 0.190 0.210 5.08 6.24
upper 95% CI 0.200 0.350 10.62 22,54
DMP FULLERS SOIL #1 0.520 45,420 16.80 24,00
lower 95% CI 0.150 41.380 11.43 - 12.34
upper 95% CI 1.400 49,890 21.83 38.56
DMP FULLERS SOIL #¢ 0.590 24,330 23.00
lower 95% C1I 0.210 47 .520 NE 9.35
upper 95% CI 1.060 62.100 38.34
FIRST CHEMICAL 0.005 0.004 0.13 0.85
Tower 95% CI 0.002 0.003 0.12 0.53
upper 95% CI 0.008 0.006 0.15 1.32

LC 5o s for D. magna.
2 RE"= root elongation.
NE = no observable toxic effect.
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capricornutum, respectively. We are, however, confident that the
toxicity classifications of the water eluates were due to water
extractable contaminants since no artificial toxicants were added.
Highly toxic samples, such as paint sludge and First Chemlical, will
be detected by either the TCLP or water elution process. However,
the use of water eluates will greatly reduce the potential for false
positive vresponses while wusing an environmentally realistic
extractaat.

SUMMARY AND CONCLUSION

Toxicity of the Office of Solid Waste proposed TCLP (sodium acetate)
extraction fluid was characterized using four bioassay tests (algae,
S. capricornutum; macroinvertebrates, D. magna; Microtox, P,
phosphoreum, and lettuce L. sativa L.). The same bioassay tests
were used to compare toxicity responses for TCLP and water eluted
samples from seven wastes and two Fullers solil positive controls.
Conclusions from the study are as follows:

1. The TCLP (sodium acetate) eluent was highly toxic to S.
capricornutum, and L. sativa, and moderately toxic to D. magna
despite adjustments of its pH to 7 prevent pH shock to the test
organisms. It was nontoxic to P. phosphoreum exposed for 30
minutes.

2. Toxicity of the TCLP eluent may coufound interpretation of
toxicity in some of the TCLP eluates, since it introduces an
unpredictable toxic factor that cannot be corrected for in any
simple manner.

3. Water elution is suggested as an envirommentally relevant and
meaningful procedure for measurements of leachable toxicity from
soil and solid waste.

FOOTNOTES
lMention of trade names or commercial products does not

constitute recommendation or endorsement by the EPA.
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THE USE OF MOSSES AS INDICATORS OF AIR POLLUTION

Gloria W. Sage, Syracuse Research Corporation, Merrill Lane,
Syracuse, New York

ABSTRACT

Epiphytic moss possess certain properties that make them ideal
specimens for assessing air pollution; they obtain their nutrients
from the air and concentrate these pollutants. Among the pollutants
they are known to collect are heavy metals, polyaromatic
hydrocarbons, and chlorinated hydrocarbons. Recent studies have
shown that pollutant concentrations in moss correlate with the
atmospheric deposition of the pollutant over a time period,
demonstrating that mosses are integrators of air pollutants. The
measurement of pollutant concentrations in moss biomonitors is
therefore a very convenient, simple, and inexpensive means of
quantitating air pollution over a period of time. Some recent
studies in the use of mosses to quantify levels of pollutants in air
and map pollutant distributions will be reviewed with an eye to
their utility in assessing air pollution from waste incinerators.

INTRODUCTION

Coupled with the increased reliance on resource recovery plants or
incinerations to solve the solid waste crisis, is the need to insure
the safety of these facilities. This requires knowing the nature
and quantity of the pollutants they emit into the environment.
Investigators have reported on various classes of these chemicals
including polyaromatic hydrocarbons and their derivatives,
polyhalogenated aromatics, and metals which may impact on health and
the environmentl. If one 1is to insure the safety of waste
incinerators, it is prudent to perform a certain amount of
monitoring of both the ambient air and deposition in the vicinity of
the plants.

Many of the pollutants of greatest concern emanating from
waste-burning facilities are associated with particulate matterlO.
These chemicals may be deposited on soil or leaves and taken up by
plants or may simply be adsorbed on the surface of the plant. The
contaminated plants may then be ingested by grazing animals.
Ingestion has been found to be the most important route of intake in
humans for many of these substances20 and dioxins bioconcentrated
into mother's milk was the cause of a recent moratorium on resource
recovery plants in Sweden. Traditional air monitoring is extremely
expensive and time consuming to perform on a meaningful scale. In
addition, alr concentrations of pollutants such as trace metals, for
example, do not correlate well with amounts deposited on land and
taken up into the food chain3. The reason for this is apparent when
one notes the importance of factors such as wind speed and surface
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characteristics of the receptor on the amount of deposition3. While
modeling stack emissions is a useful way of estimating envirommental
concentratlions, these calculations must be validated and the results
supplemented with actual measurements. Results of this modeling is
often highly inaccurate for simple gaseous emissions< and modeling
is far more difficult when chemicals adsorbed or partlally adsorbed
on particulates are included.

Mosses posses properties that make them ideal for monitoring
concentrations of air pollutants emitted from waste incinerators,
particularly heavy metals, polyaromatic hydrocarbons, and higher
molecular weight halogenated chemicals. Accumulations of pollutants
in moss better reflect the amount of the chemical deposited on
vegetation and take up in the food chain than traditional air
monitoring3. The development of wmoss bags has produced an element
of flexibility and an enhanced ability for standardization that make
the use of bryophites extremely attractive for site monitoring 4-6
Other recent experiments which show that the biocaccumulation of
heavy metals and polyaromatic hydrocarbons 1in moss 1is highly
correlated with dry and wet deposition7»8, makes the use of these
biomonitors even more attractive. It 1is our intention to review
some of the key work and recent developments concerning the use of
mosses for assessing aerial burdens of pollutants.

Mosses have been used as biomonitors of airborne metal and organic
pollutants, primarily in Europe, for close to 20 yearsg’u‘. The
early studies primarily used indigenous mosses and showed that
mosgses were efficlent indicators and integrators of aerial metal
burdens. In one of these studies, Goodman and Robertsd demonstrated
that concentrations of the metals Zn, Pb, Cd, Ni, Cu, and Mg in the
epiphytic moss, Hypnum cupressiforme, around Swansea in South Wales
were indicative of local sources and wind direction and that the
moss was much more efficient at accumulating metals than grass or
soil. They also pioneered the use of transplants, mogs on logs
taken from uncontaminated sites, and moss bags, moss hung out in
nylon mesh bags, as bioaccumulators. The results of the first study
employing moss bags showed that elevated metals levels appeared 10
km upwind of Swansea, rose to about 4-20 times background in the
city, and declined to background levels 25-30 km downwind of
Swansea. It was also observed that mosses kept accumulating metals
by a passive process after they died.

There are a number of properties that make moss so useful for
monitoring aerial burdens of pollutants. Many species obtain all
their nutrieants from the air. Moss has an extremely high
adsorptivity due to its extraordinmary surface area and roughness and
high cation exchange capacity. The byrophytes have no epidermis and
cuticlell. This makes the cell walls easily penetrable. Transport
of nutrients between segments of new growth is poor due to lack of
vascular tissuell, In addition mosses have wide geographic
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distribution and are extremely drought resistant. The strong
adsorptivity for metals combined with lack of connectivity between
new and old growth has enabled Lee and Tallis to show the historical
development of the lead industry 1in England by plotting peat
profilesl2,

As with all biomonitors, onme has problems resulting from differences
in accumulation between different species, 1individual plants
dependinf on age and environmental factors, and parts of the
plantll» 7521, Problems may arise with indigenous bryophites from
lack of knowledge of the period of accumulation, from having mixed
species, and from not having flexibility in placing samples.
Accumulation of chemicals will depend on how exposed the moss 1s to
the wind and rain whether it is beneath the leaf canopy where it
collects throughfall of rain. Therefore it 1s best to standardize
the procedure carefully and use composite samples of a sinfle
specles for reglonal studies employing indigenous samplesls’ 6,
This was done in Grodzinska's survey of heavy metal pollution in
Polish National Parksl®. She even separated the moss into brown and
green parts, the green parts usually representing the latest 2
years, and the brown the previous three. Finally at very high
expogsure levels to more than one metal, the more strongly adsorbed
metal may displace a less strongly bound onel?. Fewer regional
surveys of polyaromatic hydrocarbons and chlorinated hydrocarbons in
mosses have been reported. Thomas reported on accumulations of some
of these chemicals in Hypnum cupressiforme in Bavaria’ and Bacei et
al. measured accumulations of chlorinated hydrocarbon insecticides
and PCBs in moss in Antarctica<-.

By taking moss covered logs from unpolluted areas, one can cvercome
many of the drawbacks inherent in the use of indigenous moss. The
transplants can be placed at desired locations around a site of
interest and variability of the monitor due to environmental factors
is reduced because they can be taken from the same location or even
the same log. While mapping the PAH concentrations of mosses from 9
sites 1in VWestern Europe, Thomas® noted that the ratio of
fluoranthene to benzoperylene is 1.4 in an industrial area and rises
to 6-10 1n remote areas since a higher proportion of the
fluoranthene 1is in the vapor phase and therefore transported
further. Analogous reglonal differences in the ratios of « -BHC
to 7 -BHC were also noted and explained by the greater presence of
B-BHC in agricultural areas. In using transplants, rather than
indigenous moss, exposure time can be controlled. Pilegaard used
transplants of Dicranoweisia cirrata to study the relation between
the accumulation of nine heavy metals with exposure time and fallout
from the at:mosphere1 . Accumulations in moss and fallout, both wet
deposition and dry fallout, were measured at 12 stations around a
steelworks and regression equations and correlation coefficients
determined after seven months of exposure. Good correlations were
obtained (correlation coefficients between 0.816 and 0.985) for all

2-97



metals but Vanadium. Thomas was able to establish a good multiple
regression equations relating the concentrations of the metals Zn,
Cd, and Pb and the polyaromatic hydrocarbons, fluoranthrene,
benzo(a)pyrene, and benzoperylene in Hypnum cupressiforme with their
regspective concentrations in rainwater atmospheric particulate
matter and the amount of precipitationy’s. On the other hand,
chlorinated hydrocarbons did not give good correlations and it was
suggested that a high exchange rate between the plant and air
prevented long-term accumulation by the moss. The results clearly
show that the accumulation of PAHs 1is most strongly correlated with
the concentrations in atmospheric dust, while concentrations in dust
and bulk precipitation contribute equally to the accumulation of
metals.

While the use of transplants has enabled researchers to control
sample variability to a large extent and have flexibility in sample
placement, moss bags allow for even greater standardization and
improvement in technique. Sphagnum moss soon became the bryophite
of choice for use in moss bags. Sphagnum moss is abundant and its
high absorbancy and cation exchange capacity are well known and have
long been put to practical use. One can be selective and choose
similar specimens for an entire project since even the height above
the water table affects (increases) the cation exchange capacity of
the moss22. When used to monitor aerial metal pollution, the plants
can be soaked in acid to replace any bound metal and assure a low
background level®. An additional benefit is that there is no need
to separate the moss from a log or rock and remove attached debris
before analysis. Gailey and Lloyd4 performed a detailed study at
Armadale, a town 1in central Scotland containing a foundry.
Spherical nylon net bags containing sphagnum moss were hung at 47
locations around the town for 8 two month periods after which the
bags were analyzed for seven heavy metals. Results revealed two
main areas of metal deposition in the town, areas where clusters of
lung cancer cases had been found. One area was north of the foundry
at which the high concentrations of metal were due to local
topography and wind. Mapping enabled gradients to be seen and
correlation between concentration gave testimony to a common
gource. This type of study would enable good validation of modeling
studies. The cost of materials for the 17 month survey was less
than $500.
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USE OF TRADESCANTIA FOR TOXICITY TESTING OF HAZARDOUS WASTE
William R. Lower, Group Leader Research, Envirommental Trace
Substances Research Center, University of Missouri, Columbia,

Missouri

INTRODUCTION

The current output of solid waste increases the need for a variety
of rapid, cost-effective and accurate bioassays for toxicity.
Traditionally, animals have been used for most bioassay, although
bacteria, such as the Ames test, have also become important. By
contrast, plant bioassay, particularly higher plants, are lamentably
underdeveloped and underexploited. There are several plant systems,
e.g., seed germination and early seedling growth tests, and duck
weed and fresh water and marine algal tests, but compared to animal
test the number of systems is small. Several higher plant bioassays
show potential and ome in particular, the spiderwort Tradescantia,
is immediately applicable. Tradescantia can be used as a system
capable of the integrative monitoring ome at a time or any
combination of air, water and soil contamination associated with
solid waste as well as the gaseous, liquid and solid phases of solid
waste. It is readily used both in the laboratory and in situ in the
field under the complexity of real world conditions and for acute
and chronic testing area for periods of exposure of minutes to
months. A variety of biological effects including genotoxicity are
measurable: five aspects of perturbations of electron transport in
photosynthesis; chromosome breakage in pollen mother cells and the
production of micronuclei; somatic stamen hair mutations; sister
chromated exchange in root tips; and growth as flower production.
Stomatal conductance and COp production in photosynthesis and pollen
abortion are under investigation. Currently, the main assays are
the stamen hair test and micronucleus test.

Tradescantia may qualify as a sentinel species, that 1is, a species
which can be used as an indicator of ecosystem health. Even though
it is not a normal resident species its wide applicability to
assessing air, water and soil contamination, its applicability in
situ to a large variety of ecological situations as well as its use
in the laboratory and the variety of biological end points qualify
it for consideration.

The stamen hair mutation system of Tradescantia was initially used
in radiation studies (Sparrow et al., 1972; Underbrink et al., 1973;
Nauman et al., 1975) and exposure to conditions in Biosatellite II
(Sparrow et al., 1971). Subsequently, the stamen hair system was
used for the testing of chemicals (Sparrow et al., 1974; Underbrink
et al., 1973; Sparrow et al., 1976; Nauman et al., 1976). The
pollen mother cell micronucleus assay was developed by Ma (1979) and
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then applied to the testing of over 140 agents (Ma et al., 1976; Ma
et al., 1978; Ma et al., 1984). Both systems have also been used
for in situ field testing for integration of the effects of
pollution variously ranging in time for hours to over five months to
assess ambient air pollution at truck stops around cities and
petrochemical complexes, soil and air contaminants of a lead smelter
and an o0il refinery complex, military obscurant smokes, water
pollution from drinking water reservoirs, water from shallow and
deep water wells, sewage sludges, cooling tower water, bottom
sediments from a drinking water reservoir, ambient environment at a
nuclear faclility, airports, coal-burning residential district in the
Peoples Republic of China and a foundry complex (Ma et al., 1983a;
Ma et al., 1983b; Lower et al., 1978; Lower et al., 1983a; Lower et
al., 1983b; Lower et al., 1985; Schaeffer et al., 1986; Sandhu and
Lower, 1987).

DESCRIPTION OF THE TRADESCANTIA BIOASSAY SYSTEM

The Tradescantia tests differ in their sensitivity and one or more
of these tests may differentially recognized particular
physiologically hazardous or mutagenic agents that aight go
unregistered in the others. This aspect 1is currently under
consideration. The use of the combined test may also permit
accurate monitoring over a wide range of concentrations and various
effects of toxic substances, particularly complex mixtures.

Tradescantia 1is particularly useful because of its versatility.
Either cuttings or entire rooted plants may be exposed to gaseous
agents in air or liquids, or grown in contaminated soils, and grown
hydroponically in or watered with aqueous solutions of single
chemicals or complex pollutants. Unrooted cuttings may be exposed
for periods of minutes and hours or up to 2 weeks and rooted plants
may be exposed for months if provision is made for suitable light
and temperature conditions.

STAMEN HAIR TEST

Tradescantia has been used for radiobiological cytogenetic studies
for over twenty-five years. Bowever, in the mid 1960's it was found
that its array of long filimentous chains of contiguous, single
cells growing from the stamens (stamen hairs) presented a plant
structure which could be used as a sensitive and cost efficient test
of chemical mutagens (Underbrink et al., 1973).

The average number of stamen hairs per flower, the denominator of
mutation frequency, is routinely determined at the beginning of the
scoring period. A total of 36 stamens from six randomly picked
flowers are counted for each experiment. The average number of
stamen hairs per flower ranges between 300-400. Each inflorescence
(flower cluster) produces about 18-20 flowers; one blooms about
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every other day and the mutations appear as a phenotypic color
change from the dominant blue to the recessive pink in cells of the
stamen hairs of flowers of clones heterozygous for flower color.
The mutation frequency is expressed as the number of mutant events
per thousand stamen hairs.

In short term experiments scoring of stamen hairs for pink mutant
events usually begins 5 to 7 days after treatment and continues
daily until approximately 15 days after treatment, or until the
number of mutations declines from any evident peak. The time from
treatment to scoring constitutes time for development of buds from
sensitive stages at which they are exposed to maturity when they
exhibit the mutation events in the stamen hairs. If the plants are
allowed to remain in a contaminated area for long periods of time,
the scoring is done daily until the mutation frequency reaches a
stable plateau or as long as the experiment dictates.

The sample size can be pre—-determined and depends on the anticipated
strength of the mutagen and percent standard error deemed acceptable
(Underbrink et al., 1973; ©Underbrink and Sparrow, 1974).
Mutagenicity studies using this test have been carried out routinely
in situ in the field and in the laboratory with agents either in the
gaseous or liquid state (lower et al., 1978; 1983a; 1983b; 1984;
Nauman et al., 1979; Schairer et al., 1979).

MICRONUCLEUS TEST

The micronucleus test of Tradescantia was developed in 1976 and is 6
to 8 times more sensitive than the stamen hair test (Ma. 1983). The
mutagenic end point is the induction of chromosome breaks or lagging
chromosomes which appear as micronuclei and are scored during the
tetrad stage of meiosis in pollen development. After acetocarmine
staining, the micronuclei appear as small dark red bodies in the
pink cytoplasm and are easily distinguished from the much 1larger,
darker red nucleus.

The preparation of 1inflorescences for scoring of wmicronuclei
involves the following: After termination of the treatment period,
cuttings are placed in aerated 1/2 strength Hoagland's nutrient
solution in a controlled-environment chamber under a light regimen
of 16 hrs 1ight/8 hrs dark for 24-32 hours, which is the time
necessary for the chromosomes damaged during early prophase of
meiosis to progress to the tetrad stage of pollen formation (Ma.
1983). Flower buds are then fixed in ethanolacetic acid (3:1 ratio)
for 4 to 30 hours, and transferred to 70 percent ethanol for storage.

For scoring, 1individual flower buds are removed from the
inflorescences which have been stored in alcohol and the buds likely
to contain the tetrad stage cells are selected based on bud size and
position on the inflorescence. The anthers are dissected out of the

2-103



bud, macerated, and stained with acetocarmine. Tetrads are scored
at 400 X magnification. Approximately 300 tetrads are scored from
each bud, and from 5 to 10 buds are scored for each experimental and
control point.

The micronucleus test has been used as a method of estimating
mutagenesis resulting from chromosome breakage in investigations of
the mutagenic effects of a wide variety of environmental pollutants
in water reservoirs, parking garages, truck stops, diesel exhaust,
sewage sludge, cooling tower water, etc. (Clevenger, et al., 1983;
Ma. )1983; Ma et al., 1983; Lower et al., 1984; Schaeffer et al.,
1986).

PERTURBATIONS OF THE ELECTRON TRANSPORT OF PHOTOSYNTHESIS

Room temperature chlorophyll fluorescence in vivo is a measure of
oxidation-reduction state of the photosystem IT primary acceptor
(Q). Segments of leaves which are illuminated with a specific
wavelength of light will fluoresce a range of wavelengths of light
in response., Rapid changes in the yield of chlorophyll fluorescence
occur within the first 15-30 sec. of 1illumination in all
photosynthetic plants (Rautsky effect). This chlorophyll
fluorescence induction can be used as an indicator of photosynthetic
energy conversion and has been important in the characterization of
photosynthetic reaction mechanisms.

The fluorescence induction curve (a plot of fluorescence against
time for the period immediately following onset of illumination) is
modified by many factors which affect photosynthesis. Present
understanding of the various fluorescence transients allows the
fluorescence induction curve to be used as an immediate and reliable
test of photosynthetic activity. Varlable fluorescence yield can be
increased if electron transport 1s stimulated, or decreased if
electron transport 1s inhibited depending wupon where a given
chemical produces a lesion in the complex chain of biochemical
events prior to and including the photolysis of water in the Hill
reaction.

Perturbations in electron flow are measured with a plant
fluorometer, a portable AC/DC operated unit suitable for
measurements in the field as well as the laboratory. It 1is
connected to an AC/DC strip chart recorder. At the end of an
exposure or treatment, samples of leaf material are collected and
placed in plastic bags with moist cotton and dark-adapted for at
least 15 minutes. A 2 cm segment of leaf 1is placed in a leaf
holder. The fluorometer probe is 1inserted on top of the 1leaf
segment, the dark adapted leaf segment is illuminated at 670 mm and
simultaneous fluorescence at wavelengths greater than 710 nm is
detected and recorded on the strip chart over 10 or more seconds
(Schreiber et al., 1978). For each data point at least 10 strip
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chart recordings are made from 10 samples of leaf material and

measurements are averaged to determine percent increase or decrease
in variable fluorescence.

Changes in the electron transport system have been observed in
studies of cooling tower water (Lower et al., 1985) and military
obscurant smokes used as smoke screen (Schaeffer et al., 1986).

GAS EXCHANGE IN PHOTOSYNTHESIS

The measurement of photosynthetic rate as (0 evolution and stomatal
conductance is commonly applied to obtain information on growth of
plants and plant gas exchange research. The same technique can be
applied to plants exposed to toxic materials in both the laboratory
and in situ in the field as an adjunct to the measurement of the
electron transport systems of photosynthesis. No known systematic
investigation has to date been done with this in reference to solid
waste.

Both net photosynthetic rate calculated from net CO, exchange
between a leaf and the atmosphere and stomatal resistance calculated
from measured transpiration rate and leaf and air temperature can be
determined in both the 1laboratory and field using a portable
instrument developed for that purpose.

GROWTH AS FLOWER PRODUCTION

An inflorescence of Tradescantia contains 18 or more flower buds
under continuous development which produce, on the average, a flower
every second day. This continuous production of flowers can be used
as a measurement of growth. Flower production has been used as an

indicator with exposure of Tradescantia to obscurant smoke
(Schaeffer et al., 1986).

Pollen Abortion

Pollen abortion normally occurs to some degree in plants, has both
physiological and genetic causes often difficult to differentiate
under many test conditions, but has potential as a measurement of
toxicity. Anthers are placed in a drop of lacto phenol cotton blue
stain and mascerated with forceps. The debris is removed, a cover
slip is placed over the stained pollen and the non-aborted blue
pollen and aborted empty pollen cells are counted under high dry
400X magnification with a compound microscope.

Examples of Use of Tradescantia

Tradescantia may be used in a variety of ways. With chemicals
assayed in the laboratory the cut flower stalks are placed in an
aqueous solution of the test material or exposed in a chamber if a
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gas or an aerosol is tested. Examples are presented on the use of
Tradescantia in a variety of situations involving complex mixtures.

FREQUENCY OF STAMEN HAIR MUTATIONS OF TRADESCANTIA GROWN IN A GREEN

HOUSE IN Bosmou SEDIMENT OF A DRINKING WATER RESERVOIR (FREQUENCY +
S.E.) X 10~ -

Ratio of
Mutation
Frequency
Time Sampling - of Sediment/
Period Period Control Sediment Control p Value*
2 11/20-12/03 2.2 + 0.1 4.2 + 0.2 1.9 0.005
4 12/18-01/07 2.1 +0.1 3.3 +0.1 1.6 0.005

*p Value of Two Tailed Approximation to Binomial

Bottom sediment from a water reservoir was removed and placed in
untreated wooden boxes in a greenhouse. Tradescantia were rooted in
the sediment and the stamen hair mutation frequencies were
determined beginning approximately one month after planting.
Controls were grown 1in soil. The mutation frequencies were
continuously determined over the time of 149 days. The data are
grouped for presentation.

The mutation frequency of Tradescantia grown in sediment is
consistently higher than the controls during the five month time
period. There 1is also a continual decrease in the mutation
frequency of the Tradescantia in the sediment with r2=0.589 and
b=0.59 as the mutagenicity of the sediment diminishes.
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FREQUENCY OF STAMEN MUTATIONS OF TRADESCANTIA FROM SEPTEMBER 30 TO

OCTOBER 120 AT LOCATIONS MEASURED FROM A LEAD SMELTER (FREQUENCY +
SE) X 10~

Location (km) Mutation Frequency
0.3 4.9 + 0.4
1.7 4.8 + 0.4
3.2 4.4 + 0.3
11.4 (Local Control) 3.5 + 0.3
Laboratory Control 2.8 + 0.3

Regression with distance of 0.3, 1.7, 3.2 and 11.4 km

r* = 0.974

Tradescantia were planted as whole rooted plants in situ in the
native soil at the various distances down wind from the 1lead
smelter. All old flower stalks were removed and the new flower
stalks and inflorescences developed. The plants were in place May
29 to October 10. These data are part of a larger study, but
illustrate the in situ use of Tradescantia with significant changes
in stamen hair mutations with distance from the smelter.

FREQUENCIES OF MICRONUCLEI OF TRADESCANTIA EXPOSED TO SEWAGE SLUDGES
FROM FIVE DIFFERENT COMMUNITIES (X 1074)

Source 0% Sludge 25%Z Sludge 50% Sludge p Value of Regression

1 3.0 3.6 7.6 0.005
2 3.0 4.1 11.5 0.01

3 3.0 8.3 13.5 0.005
4 3.0 8.9 32.0 0.001
5 3.0 14.0 15.0 0.005

Sewage sludges from five different municipalities were diluted and
mixed with reverse osmosed-deionized water to concentrations of 25%
and 50%Z sludge. Control was reverse osmosis—deionized water.
Tradescantia flower stalks were cut and the flower stalks were
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placed upright in the control water and sewage sludges for 24 hours
in a growth chamber under 16h 1light:8h dark. At the end of the
exposure the distal tips of the flower stalks were trimmed off and
the stalks were placed 1in reverse osmosis—deionized water for
another 24 hours under 16h light:8h dark. The inflorescences were
then removed, pickeled and processed for the determination of
micronuclei. The cut flower stalks negate the root barrier and may
allow any materials that can be translocated by the vascular system
of the plant to be transported to the target tissues or cells of
interest.

The sludges all show mutagenicty and exhibit regression coefficient
significantly different from zero.

TRADESCANTIA EXPOSED TO DIESEL OBSCURANT SMOKE
GENERATED BY ARMY TANK

Distance (M) MCN SH VF EP FP
15 40.2 3.6 33.2 10.4 NS
25 29.8 3.6 33.2 9.6 126.9
50 NS 2.7 34.1 10.2 68.4

Control 30.7 0.9 26.8 6.8 100.0

MCN = micronuclei X10~2

SH = stamen hair pink enents x10-3

VF = variable fluorescence

EP = electron pool

FP = flower production

NS = not statistically signficant at p > 0.10

Cut flower stalks with attached leaves were exposed in the Southern
California desert to diesel o0il obscurant smoke used in military
maneuvers. The diesel 1is aerosolized into screening—smoke by an
attachment on the combat tank's engine manifold. The flower stalks
were exposed for 30 min. at distances of 15, 25, 50 meters - and
further distances not reported on here — and measurements taken of
five biological end points. All end points showed some response to
the obscurant smoke, but only the frequencies of micronuclei (MCN)
and stamen hair mutations (SH) showed a gradient with distance.

CONCLUS ION
Tradescantia has many appealing properties that qualify it as an

organism as part of a repertoire systems for wide use in the
toxicity assessment of solid waste. Other plants with a relatively
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modest amount of additional development and appropriate
standardization offer great potential for solid waste toxicity
assessment both in the laboratory and in the field. Examples are:
Selenastrum, which has been developed for water pollution, but {is
being developed and tested for soil contamination; Arabidopsis, a
small mustard, with a data base of over 200 chemicals tested; seed
germination/root elongation and early seedling growth of a number of
species of plants including tomato rye, oats, cucumber, etc.; corn,
used for both 1laboratory and field testing; barley, 1laboratory
tested for more than 60 agents. To date, however, Tradescantia
offers the most versatility for bioassay.
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STATISTICAL APPROACHES TO SCREENING HAZARDOUS
WASTE SITES FOR TOXICITY

J. M. Thomas, L. A. Athey, and J. R. Skalski, Environmental Sciences
Department, Battelle, Pacific Northwest Laboratories, Richland,
Washington

ABSTRACT

The kinds of questions biocassays can answer, as well as their
advantages, are given. The ability to answer questions, such as
"where 1s the waste?” or "is it toxic?"” results from field studies
bagsed on twelve procedural steps for conducting remedial action
field bioassay studies. Simple or stratified random, systematic,
and judgment sampling are presented as three possible paradigms for
field sampling.

Bioasay results from two field studies are used to illustrate how
maps of toxicity can be prepared based on systematic sampling and to
show how cleanup decisions can be made using bioassay results based
on few samples.,

In the first study, logarithmically spaced soil samples (0-15 and
15-30 cm depths) were obtained along four parallel transects (90 m
long and 15 m apart) at the Rocky Mountain Arsenal. A total of 72
soll samples (36 at each of two depths) were subjected to phytoassay
using lettuce seeds; most samples were also subjected to Daphnia,
Microtox, algal, earthworm and lettuce root elongation bioassays.
These latter bioassay results (exception earthworms) were
inconclusive regarding toxicity, but allowed us to ignore several
classes of compounds (i.e, water—-soluble heavy metals, herbicides,
and insecticides) since our prior results using pure chemicals
showed depressed algal growth in the presence of these countaminants.

In order to depict the spatial pattern of observed seed mortality at
each depth, we used kriging (a statistical technique developed for
use in the mining industry) to produce contour maps. The results
clearly showed that lettuce seed mortality was higher in the 15-30
cm fraction, that waste~trench soil was highly phytotoxic, and that
toxicity decreased as a function of distance from the trench. In
addition, we found that mortality contours produced by kriging could
be useful in site cleanup decisionms.

The second study was conducted using a series of water and sediment
samples collected from a narrow stream adjacent to a wood treatment
plant in Canton, Mississippi. Both creosote and pentachlorophenol
were used for wood treatment. Sediment samples (15 cm) were
collected every 20 m in the visibly contaminated zones. Based on
sample linear interpolation of bioassay results, we found that
different bloassays led to different conclusions regarding the
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toxicity of different areas, suggesting that contaminants other than
creosote may have caused the observed toxicity. Moreover, chemical
analysis was an inaccurate predictor of toxicity.

INTRODUCTION

In the context of hazardous chemical waste site management,
bioassays may be defined as the exposure of biological indicators to
field-collected environmental samples in order to detect the
presence of toxicity and/or to ideantify potential for toxic effects
on resident species. Typically, a hazardous waste sgite bioassay
involves laboratory testing of soil, soil leachates, water, or
sediment samples, using a standard array of test organisms under
controlled laboratory conditions.

Bioassay studies are appropriate before, during, and after remedial
action as a cost-effective way to detect the presence of toxic
wastes and/or to determine their biological availability at known or
suspected hazardous chemical waste sites.

Bioassay studies may be used before remedial action to detect the
presence of hazardous materials and to determine if immediate
remedial action 18 needed. Because bloassays directly evaluate the
effect of chemical wastes on biota, they are powerful and efficieant
tools for ranking sites requiring remedial attention. Bioassay data
are also useful for gauging the areal extent of needed remedial
action, evaluating remedial action alternatives, and assessing and
characterizing waste sites.

During remedial action, bloassay studies may be used both to monitor
the cleanup process and to evaluate cleanup impacts on the site.
Bioassays are also useful after remedial action has been taken to
evaluate the efficacy of the cleanup activities.

The questions that often need to be addressed in support of remedial
action decisions may be grouped into four major areas: 1) Where are
the contaminants? 2) Are the contamlpnants toxic? 3) What
quantities of the contaminants are present? and %) What are the
contaminants?

Bioassay studies are a cost-effective method for evaluating "where”
questions because they can detect contamination, determine
contaminant distributions, and define contaminant migration beyond
site boundaries. Bioassays are also currently the ounly means of
evaluating the biocactivity of chemical wastes. However, bloassay
studies are not gemerally useful in answering "how much” and "what™
questions regarding hazardous chemical waste sites. Further,
bioassay tests usually canoot ideantify the specific chemical
contaminants present. However, they may give some indication of the
class of chemicals to which the contaminants belong (e.g., orgaunics,
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metals). Some examples in which the identification of specific
chemicals have been attempted are given Thomas et al. (1986) and
Miller et al. (1985).

DESIGNING BIOASSAY STUDIES

Design of bioassay studies includes planning the collection of field
samples and the laboratory analyses of those samples. It 1is
imperative that the entire project, from objectives to expected
results, be thoroughly planned before the actual fieldwork is
started. Without proper planning, the study will waste both time
and resources. Further, all individuals who will contribute to the
project should be involved as early as possible in project
planning. Personnel who should be involved at the initial stages of
the project include the project manager, a statistician, a field
biologist, a chemist, the scientist who will oversee the laboratory
work, possibly a hydrologist, meteorologist, or modeler when

appropriate, and risk assessment and Quality Assurance/Quality
Control experts.

The steps to be used in designing and executing a bioassay study are
listed below.

1. Assemble information relevant to the problem.
2. Prepare a statement of the study objectives.
3. Define the evaluation criteria and reliability requirements

for the results.
4. Determine what is to be sampled in the field.
5. Choose test organlisms for the bioassays.
6. Define the data analysis techniques.
7. Design the field sampling and laboratory studies.
8. Determine the sample collection methods.
9. Define the operational procedures.
10. Review the design.
11. Periodically evaluate progress in the field and laboratory.
12. Analyze and evaluate the results.

These steps are listed in the order in which they should be applied
by the planning team. However, study design is an 1iterative
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process, and decisions made at later steps in the process may
require the review and revision of decisions made at previous steps.

These 12 steps should be considered whether the study is amn initial
site investigation, a feasibility study, or a full remedial action.
The amount of effort and degree of professionalism required for each
step will vary depending on the objectives and cost of the study and
reliability required of the results. For example, in a full and
potentially expensive remedial action investigation, the eantire team
should be 1Involved from the beginning. During preliminary
investigatious, the objectives, uses of the results, and methods
should be carefully planned before sampling; however, the advice of
team members from each area of expertise may not be uecessary,
Depending on the quality of information gathered during the
preliminary investigations, the results of the initial studies may
be used to design the remedial action program.

SAMPLING STRATEGIES FOR COLLECTING FIELD SAMPLES

The three basic design strategles for collecting fleld samples are
simple or stratified random, systematic, and judgment sampling.
These strategies are described in Ford and Turina (1985) and are
discussed here only as they apply to bioassay studles at hazardous
chemical waste sites.

All remedial action decisions for the hazardous waste site will be
based on the results obtained from samples collected on the site.
Therefore, it 1s important that the samples obtained accurately
represent the conditions on the site. The traditional approach to
collecting a representative sample 1s to randomly select the
sampling locations over the eantire site with the aid of a random
number table or similar device. This procedure 1is called simple
random sampling and 1is an appropriate strategy when no prior
joformation is available on the 1likely location or distribution of
the contaminant.

With stratified random sampling, sampling sites are randomly chosen
within several defined site areas or strata. Appropriate strata for
a hazardous chemical waste site might be any division of areas in
which it is anticipated that toxicity will differ; £for example,
areas at increasing distance from the known or suspected source of
chemical contamination. Stratified random sampling is often a
useful technique even if there 1s insufficient information available
to identify distinct strata a priori, and is 1likely to produce a
more widespread distribution of sampling locations on the site than
will a simple random sampling strategy. The construction of
arbitrary stata can allow the variability in toxicity between
different areas of the site to be estimated and may help ideatify
actual strata. For these reasons, stratified random sampling is a
particularly useful approach for preliminary studies.



Systematic sampling involves the collection of samples at regular
intervals over the site. This method is sometimes preferred to
random sampling strategies because it ensures even coverage of the
gite. However, as Eberhardt and Thomas (1986) warn, a
gystematically distributed contaminant may not be detected when
using this strategy. Systematic sampling (often in grids) is often
the preferred method to provide input data for kriging aund other
mapping techniques.

Judgment sampling relies on the sampler's judgment of what
constitutes a representative site sample. The purpose of these
samples might be to assess the presence or absence of contaminants
in obvious places (e.g., a streambed if transport is a concern), or
for use in special studies of a preliminary nature (e.g., are toxic
chemicals nearer the spill source?). However, judgment sampling is
biased and such results should not be wused in a statistical
analysis. In addition, judgment samples can be collected along with
samples from the designed study in the event that wunusual or
interesting circumstances arise or are discovered during sampling.
A statistical evaluation of the data from the judgment samples can
be used to suggest additional sampling or to make statements without
accompanying error statements or probablistic assertions. In cases
where prior information about a possible 8pill location becomes
available during sampling, that information should be used to
advantage in the survey design. In fact, design modifications can
be made onsite (e.g., an extra grid, transect, or stratum).

Locating field sampling sites in order to implement any of the
sampling designs discussed 1is wnot a trivial matter. At 1least
one-third of the field effort should be devoted to locating and
marking the sampling sites. Each sample 1location should be
accurately recorded to aid in the interpretation of the bioassay
results, to accurately define areas in which remedial action may be
necessary, and to permit return to any sampling site to collect
necessary additional materilal.

FIELD STUDIES: ILLUSTRATIONS OF BIOASSAY METHODS AND DESIGN
DECISIONS

The two field studies in this paper were selected to illustrate the
steps in conducting a bloassay study, and the statistical principles
involved. The studies were designed to evaluate toxicity and define
areal extent, if toxicity was detected. At two New Jersey sites not
discussed in this paper, extra samples were collected and some
composited, [see Skalski and Thomas (1984) for a discussion of
compositing]. Field sampling and the use of bioassay results from a
systematically sampled grid at the Rocky Mountain Arsenal (Commerce
City, Colorado) are illustrated in site 1, while the more usual case
where inferences are based on a few bioassayed samples form the
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basis for a discussion of results from site 2 [a wood treatment site
(Canton, Mississippi)].

SAMPLING AT THE ROCKY MOUNTAIN ARSENAL

The Rocky Mountain Arsenal was used principally by the U.S. Army and
the Shell Chemical Company to manufacture, test, and dispose of
toxic chemicals. Certain areas of the 26-milel (67.6-km2) arsenal
have been contaminated by various spills during waste disposal
operations. The site is surrounded by homes, farms, and businesses
(e.g., Stapleton Airport, Commerce City, and Denver). In 1974
diisopropylmethylphosphonate (DIMP) and dicyclopentadiene (DCPD)
were detected in the surface water draining from a mammade bog at
the northern boundary of the arsenal.

Study objective 1 at the arsenal was to assess the toxicity of a
trench site in Basin A (Figure 1). If one or more bloassays
identified to devise a coatour map useful for cleanup decisions
(objectives 2). Finally, an assessment of contaminant mobility was
needed (objective 3). To meet those objectives, a toxic site at the
Rocky Mountain Arsenal had to be located and the most sensitive
bioassay selected.

SITE CONTAMINATION

Decountamination wastes and process waste streams containing toxic
materials consisting of salts, heavy metals, and pesticides were
deposited in defined areas on the Rocky Mountain Arsenal. Two waste
basins (A and F), were the major sites of waste material storage.

Certain portions of the arsenal were leased to private industry for
chemical manufacturing. A major chemical company leagsed a
cougsiderable portion of the manufacturing facilities at the Rocky
Mountain Arsenal since 1952. Alterations and additions were made to
the facilities for the manufacture and disposal of waste residuals
of GB, a chemical warfare agent, TX, a bilologlical anticrop agent,
and cyanogen chloride and phosgene. Since 1970, several major
chemical demilitarization actions bhave been conducted. These
actions include the incineration of both the anticrop agent TX and a
mustard agent.

Because of the foregoing manufacturing and disposal actioms, various
analyses of chemicals in air, water, soil, and certain organisms
have been conducted over the years. Table 1 contains a partial list
of some of the chemicals identified.

DESIGN OF THE FIELD SAMPLING AND LABORATORY STUDIES

Previous results iundicated that an area in Basin A was toxic
(objective 1) and would be useful for addressing the second study
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objective. Soils from the Basin A location caused a major reduction
in 1lettuce seed germination (insoluble compounds were likely
causative) and had a variable effect on other bioassays (little
likelihood of soluble compounds; objective 3). Because of these
results and, in part, because it appeared that plant growth
diminished with distance from the trench, a sampling location was
established near the treanch in Basin A (to meet objective 2).

The results also suggested a possible gradient of contamination on
the west side of Section 36, extending north-south from a trench
that drains Basin A and runs to the west. This possibility of a
toxicity gradient offered good prospects for the kriging method of
preparing contour maps because 1t appeared that a required, physical

TABLE 1. Examples of Some Chemicals Found In Soils, Air,
Water, Animals, and Plants at the Rocky
Mountain Arsenal

Aldrin Methylphosphonic acid

Arsenlic Compounds Isopropyl methylphosphonate
Benzene Diisopropyl methylphosphonate
Chlordane Dicyclopentadiene

Chloroform p—-Chlorophenyl methyl sulfone
Dieldrin Hexachloronorboradiene
Endrin Tetrachloroethylene

Lewisite 1,4-Thioxane

Lewisite oxide Methylene chloride

Mercury salts Toluene

Mustard gas (HD) Xylene

Thiodiglycol

mechanism of toxicant dispersal (Journal 1984) for valid error
predictions was a reasonable assumption. Thus, four parallel
transects were established on the west side of Basin A, each
beginning on the north bank of the trench and running south for 90 m
(Figure 2). A logarithmic scale was used beyond the south treanch
edge because it was assumed that contamination might have been moved
by some physical means (e.g., wind or water). The transects were 15
m apart and labeled L, M, N, and P. The first three sample points
of each traunsect fell within the trench and the fourth was on top of
the south bank. Sample numbers 5 through 9 were 15, 20, 30, 50, and
90 m, respectively, south of the north trench edge (Figure 2). Each
of the 36 sampling points was marked with a stake.

A drilling company was hired to do most of the soil sampling. At
each sampling point a split spoon was used to take two
7.6-cm-diameter soil cores. One core was taken from a 0- to 15-cm
depth, and the second was taken from a 15- to 30-cm depth.
Together, these cores weighed approximately 4 kg. Between sampling
points the split spoon and drill bit were decontaminated by washing
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FIGURE 1. Location of the Study Site in Basin A (which includes most of
Section 36) at the Rocky Mountain Arsenal. The areas in
Section 26 labeled C, D, E, and F are or were waste ponds.
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FIGURE 2.
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with methanol and rinsing with distilled water. All samples were
put in plastic bags, sealed, and labeled. The area being sampled
and any problems encountered (e.g., mud, accessibility) dictated
exactly how the cores were taken and the variations on the basic
sampling scheme (see below).

In Basin A, the first two points in each transect were ia the
trench, which was very wet and soft. The samples from these points
were difficult to obtain. It was impossible to sample by depth, so
a hand trowel was used to take two surface samples (to approximately
15 cm deep) from these points. The split spoon was used to take
most of the other samples in Basin A (points 4 through 9 1in
transects L, M, N, and P). Sample points L, N, and P-3 were Just
over the south bank of the trench and could not be reached from the
drill rig. At these points, the split spoon was hammered into the
ground and extracted by hand. Only a 0- to 15-cm sample was
obtained from each of these points; the soil from 15 to 30 cm deep
was to wet to stay in the split spoon. A surface sample of
undefined depth was taken from the M-3 tramsect because the entire
profile was very wet.

Analysis and Evaluation of the Results

Lettuce seeds were used in the biocassays of the Rocky Mountain
Arsenal field study soils, because they are more sensitive than
other seeds (Thomas et al. 1986) and our previous work has shown
these soils to be phytotoxic. The mortalities (mean from three
subsamples from each core fraction; Figures 3 and 4) indicate that
four samples in transect M and three in transect P showed large
differences as a function of depth, suggesting that the contaminants
had either migrated below 15 cm or were purposely placed there. We
found no record to support the latter argument and concluded that
the toxic material had migrated.

The results for all other bioassays (Porcella 1983) conducted using
Basin A field study soils were inconclusive. No mortality was
observed using the Daphnia or Microtox bioassays. Results from the
algal bloassay revealed that small quantities of elutriate from all
but four samples were stimulatory. The four elutriate samples that
inhibited algae were obtained on or very near the waste trench on
transects L and N. According to the criteria outlined in Porcella
(1983), these sites would be classified as moderately toxic.
Interestingly, only a 1% to 14Z elutriate from transect M samples
was npeeded to stimulate algal growth. Because there was little
effect on the algal bloassay, it appears that the toxic components
detected using lettuce seeds (see Figures 3 and 4) were oot
water-soluble heavy metals, herbicides, or insecticides (except
perhaps at sites L-2, L-4, and N-2), saince results using pure
chemicals (Miller et al. 1985) showed depressed algal growth in the
presence of these contaminants. This evidence suggests the presence
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of water-insoluble contaminants that are not 1likely to migrate
(objective 3).

Except for plot P-3, earthworms were only affected by Basin A soil
when lettuce seed mortalities were greater than 70%. In contrast,
the five soil samples that caused 202 to 70%Z lettuce seed mortality
resulted in 0o earthworm deaths. Thus, for these Basin A samples,
it appears that lettuce seeds are more sensitive to lower levels of
an insolubdble toxic component than are earthworms (objective 3).

Results from the lettuce root elongation (based on elutriates) and
the lettuce seed mortality (based on intact soil) bioassays show
only a 8light correspondence for samples from transect L. It
appears that the phytotoxic component that impairs lettuce seed
germination may not be water soluble (objective 3) or does not
affect root elongation.

Cleanup Decisions Based on Bioassays and Kriging

One way to depict the lettuce seed mortality patterns observed at
each depth (see Figures 3 and 4) is to prepare a contour map based
on the observations (objective 2). We estimated contours for a map
of lettuce seed mortality wusing a relatively new statistical
technique called kriging, which was developed for use in the mining
industry and is used principally in Europe and South Africa (Clarke
1979). Kriging provides a variance estimate that can be used to
construct a confidence interval for the true value. Results based
on block kriging are presented in Figures 5 and 6. The results
clearly show the 1lettuce seed mortality differences at the two
depths. Estimated contamination is greater from 15 to 30 cm deep
than from 0 to 15 cm deep. This contamination difference was also
indicated by the qualitative analyses of results (see Figures 3
and 4)

Contour maps are useful for making site cleanup decisions. As a
scenario, we selected 30% lettuce mortality as a criterion for
cleanup of the Basin A site (see Figures 5 and 6). In the absence
of any other guidance, the cleanup criterlon was selected as two
standard deviations above the mean control mortality (i.e., 16.7
+14.0, n = 6). The shaded areas below the heavy solid black lines
would be targeted for cleanup. The cleanup decision would be
different for the 0- to 15-cm—deep (Figure 5) and the 15- to
30-cm—deep fractions (Figure 6). While this difference complicates
decision making, the available data and the kriging maps show that
the field situation is complex, and cleanup decisions based solely
on either soil fraction would not result in a "clean" site. Cleanup
using the 30%Z mortality contour of the 15- to 30-cm samples would
remove all known contamination, but additional samples taken below
this depth would be needed to ensure that the site meets the 302
mortality cleanup criterionm.
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It appears that biocassays of field samples and subsequent kriging
analyses (objective 2) offer a practical method to aid in cleanup
decisions based on environmental toxicity, especlally when
accompanied by error estimates for the mortality isopleths. We did
not present confidence 1limits here because of some questions about
the possibility that the observed toxiclty was caused by pollutants
that were "dumped” rather than spread from the trench by wind or
water. Journal (1984) argues that the confidence 1limits may be
invalid unless movement is caused by physical forces.

The 1limits ia our study average between +10Z and 257, and depended
on data density, whether block or point kriging was used, and the
contour of concern.

SAMPLING AT A WOOD TREATMENT SITE

The wood treatment site in Mississippi ceased operation in 1979 and
was known to be contaminated with creosote and other wood-preserving
materials. The results discussed below are from an exploratory
study to determine whether bioassays can be used to detect creosote
countamination in stream sediments and water, and if feasible, to
define the boundaries of creosote—contaminated zones on the site.
Samples were also subjected to chemical analyses. The objectives of
the study were to 1) determine if standard bioassays could detect
creosote contamination in water and sediments, and, if so, 2) map
the distribution of creosote contamination In the creek.

Site Description

A preliminary site visit was made to obtain background information
on the history of creosote disposal, to determine the dimensions of
the site, and to define any special sampling problems. The site is
bounded on the south by a city street (Covington Avenue) and on the
east and north by a creek. The creek is approximately 2 m wide at
the widest point, with 2-m-high banks on either side. The creek
flows northwest (on the site), enters an opeun concrete channel at
the western site boundary, and then flows into a nearby city.

Records obtained from the Mississippi Department of Natural
Resources (Bureau of Pollution Coutrol) indicate that creosote and
occaslonally pentachlorophenol were used for wood treatment on the
gite. From 1965 to 1979, the owner of the site permitted wastes
from the treatment process to flow overland to the creek, in
violation of state pollution laws. Little cleanup had been done
when the site closed in 1979. However, it was clear from the site
visit that the site had been covered with fill material. Creosote
wag still being emitted from the bank into the water along some
parts of the stream. Piles of creosote-contaminated material, as
well as pools of black sludge, were located immediately adjaceat to
some old tanks on the south side of the site.
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The primary interest in this study was creosote contamination of
creek sediments. Therefore, stream sediment samples comprised the
bulk of the samples taken. A small number of water samples were
taken, as well as some samples from the bank where creosote appeared
to be entering the stream. In additiom, samples were taken from an
upstream site (negative control) and from the pile of
creosote—contaminated sludge (positive control).

A description of the spatlial distribution of the contamination was
one objective of the study. Kriging was the first choice as a data
analysis technique because it permits generation of confidence
intervals about estimates of areal distribution. However, kriging
generally requires a large number of data points, and in the absence
of a sufficient amount of data to perform kriging, a simple linear
interpolation could be substituted (principally because the area of
concern was a narrow stream channel).

Design of the Field Sampling and Laboratory Studies

The field sampling scheme 1is diagrammed in Figure 7. The girder
bridge was used as the staging area and the starting point from
which distances to each sampling location was measured. One
sediment sample was collected at the point Just before the stream
entered the concrete channel at the western end of the site, 660 m
west of the initial sampling location at the girder bridge. The
next sample was collected at 420 m west of the initial locationm,
then every 40 m to the east until the visibly contaminated zone of
the stream was reached. Samples were collected every 20 m in the
visibly contaminated zone, and beyond until a location 220 m east of
the starting point was reached. Three tributaries (Eastern,
Western, and Northern on Figure 7) drain into the creek. The last
sample (220 m east of the imitial point) was collected upstream of
the three tributaries. In addition, one composite sample was
collected from each of the three tributaries. The negative control
sediment sample was taken from the creek south of Covington Avenue,
upstream from the site. The positive control sample was taken from
the piles of creosote-contaminated sludge near the storage tanks.
This sludge was believed to be the same material that was visibly
contaminating the stream.

Water samples were collected at 660 m west of the initial point
(farthest downstream location), 380 m west of the initial point,
220 m east of the initial point (farthest upstream location), and
south of Covington Avenue, where the negative control sediment
sample was taken (Figure 7). All samples were taken on the same day
to maximize the comparability of bioassay results and to minimize
the sampling costs [samples were collected from west to east
(downstream to upstream) to minimize cross—contamination of
samples]. The laboratory analyses were completed in two phases. In
phase 1, only sediment samples from 660, 380, and 20 m west of the

2-129



Northern Girder Otd
Tributary Bridge Railroad
Bridge

Visibly
Contaminated
Area

Western Creek Flow

Tributary

-
Eastern .
Tributary S

Storage

Tanks

Oo .
Covington Avenue
® Soil or Sediment Sample ‘t

4 Water Sample

FIGURE 7. Location of Samples Collected from the Wood Treatment Site in
Mississippi (distances are in meters). Soil or sediment

samples are indicated by solid circles and water samples with
solid triangles. ‘ ’

initial point, 120 and 220 m east of the initial point, the positive
and negative controls, the composite sample from the eastern
tributary, and the water samples were analyzed. The results of
these bioassay tests were used to bracket the contaminated zone. In
phase 2, samples from 300, 140, and 60 m west of the initial point
were analyzed to aid in defining the contaminant boundaries.

Because the clay sediments lining the creek were very hard, they
were sampled using a hand coring device. Where possible, surface
sediment samples were collected to a depth of 15 cm with hand
trowels.

Analysis and Evaluation of the Results

The results of bioassay analyses of phase 1 samples are shown in
Table 2. The only locations where appreciable toxiclty occurred
were the positive control and locations 660 and 380 m west of the
initial sample location. The water sample from the 380-m-west
location was highly toxic, while the sediments from that location
were less toxic. At 660 m west, however, the sediments were highly
toxic to some organisms while the water was not toxic.
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Figure 8 contains toxicity maps of creek sediment elutriates from
660 m west to 220 m east of the initial point. These maps were
based on bioassay and chemical analyses from both phase 1 and phase
2 samples (distances to the west of the initial point on Figure 8
are 1indicated by negative numbers). The respective creosote
concentrations determined for each sample by IR (infrared
spectroscopy) are expressed as a percentage of the highest creosote
value measured (9500 and 25 ppm for sediments and sediment
elutriates, respectively). We unote that creosote is a complex
mixture of organic compounds. Since there were insufficient data to
use the kriging techunique to devise maps, the maps were prepared
using simple lipear interpolation of the results between the
sampling points. Therefore, the precision of the division locations
between different zones of contaminant concentrations cannot be
estimated (as in kriging).

The top four bars on Figure 8 illustrate EC50s from the algal,
Daphnia, Microtox, and root elongation bioassays in which the test
materials were sediment elutriates. The result from different
elutriate biocassays led to different conclusions regarding the
relative toxicities of different areas of stream sediments. Such
variable biological responses could result from different organic
compounds in creogsote, which may bind differentially in each area of
stream sediments, or from in-stream seeps from the waste site. IR
analyses for creosote indicated that the most severe contamination
occurred in the extreme downstream portion of the creek study area.
In contrast, the algae, Daphnia, and Microtox bioassays indicated
that the most extreme toxicities actually occur about 300 m west of
the initial point. The Microtox bioassay was most semnsitive to the
chemical contaminants in the downstream sediment elutriates. The
results from root elongation tests show a complete absence of a
detectable phytotoxic component. A comparison between relatlve
creosote amounts and algae, Daphnia, and Mlcrotox response to
sediment elutriates collected between -140 and ~400 m (Figure 8)
suggests that contaminants other than creosote caused the toxicity.

CONCLUSIONS

Several conclusions are possible based on results from this study.
First, standard bioassay organisms are seasitive to contaminants
resulting from wood treatment operations, and different bioassay
organisms have different sensitivities to the mixture of creosote
resulting from wood treatment operations. Second, 1infrared
measurements of sediment contaminants resulting from wood treatment
operations are inaccurate predictors of ©biotoxicity. Finally,
bloassay results can be mapped using kriging and these maps offer
good prospects for aiding in regulatory decisions.
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TABLE 2. Bioassay Results from Phase 1 Samples Collected from the Wood Treatment

Plant in Mississippi

EC50
(a) (a) (8) Root (4 (b) (b)
Sample Location Sample Type Algae Daphnia Microtox Elongation Neubauer Earthworm
660 m west Sediment 63.7 73.6 4.0 100 70.3 27.9
[
Water NE( ) NE NE NE NE NE
380 m west Sediment 73.7 NE 29.9 100 100 27.9
Water 6.6 0.2 9.6 100 Nﬂ(d) NR
20 m west Sediment NE NE NE NE NE NE
120 m east Sediment NE NE NE NE NE NE
220 m east Sediment NE : NE NE NE NE NE
Water NE NE NE NE NE NE
Negative Control Sediment NE NE NE NE NE NE
Water NE NE NE NE NE NE
Positive Control Sediment 0.6 6.9 8.5 8.1 0.9 3.9
Eastern Tributary Sediment NE NE NE NE NE NE

(a) Tests conducted with sediment elutriates.

(b) Tests conducted with sediment samples,

il

(¢) NE = No effect.

(d) NR = Bioassay not required,
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FIGURE 8. Bijoassay Results from Sediment Elutriates at the Wood
Treatment Site in Mississippi. Negative numbers
represent samples collected downstream from the site.
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APPLICATION OF A BIOMARKERS-WASTE CHARACTERIZATION APPROACH
TO THE PREDICTION OF ORGANISM RESPONSES FOLLOWING EXPOSURE TO
CONTAMINATED MARINE SEDIMENTS

G. G. Pesch, A. R. Malcolm, G. R. Gardner, U. S. Environmental
Protection Agency, Narragansett, Rhode Island, and L. Mills, C.
Mueller, R. Pruell, Science Applications International Corporation,
Narragansett, Rhode Island, and A. Senecal, University of Rhode
Island, Kingston, Rhode Island.

ABSTRACT

This paper reports on the application of short-term biomarkers to
predict organism responses induced by contaminated marine sediments.
Laboratory results were confirmed by observing the same responses to
the same sediments in both laboratory- and field-exposed animals.
Identification of causative agents is being investigated by a
combination of sediment chemical analysis and short-term testing of
fractionated solvent extracts of sediments. Whole extracts of a
contaminated sediment induced concentration-dependent responses in the
Salmonella/microsome (Ames) test with strain TAl00 in the presence of
an exogenous (S-9) metabolizing system. Increased frequencies of
sister chromatid exchange (SCE) were observed in a marine worm,
Nephtys incisa, exposed to whole sediment in laboratory tests.
Comparable increases in SCE frequency were observed in the same
species sampled from feral populations at a field disposal site
exposed to this same sediment. These responses suggest a tumorigenic
potential for the sediment. This potential has been realized by
induced tumor development in American oysters, Crassostrea virginica,
and winter flounder, Pseudopleuronectes americanus, exposed to this
sediment in the laboratory and the field. Partial chemical
characterization of this sediment has identified many organic and
inorganic compounds reported to be carcinogenic, cocarcinogenic,
genotoxic and tumor-promoting. Preliminary tests with fractionated
solvent extracts indicate mutagenic activity (Ames test) to be
primarily associated with fraction 2, a PAH fraction. Effects on
cell-to-cell communication between cultured mammalian cells, a
potential biomarker for tumor promoters, suggest the presence of
tumor-promoting agents in fraction 4 (a highly polar fraction). Other
biomarkers (enzyme inhibition, fertilization impairment, and
macrophage repression) are being explored as short-term tests for
characterizing complex wastes and predicting organism responses.
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ENVIRONMENTAL MONITORING

Ossi Meyn, Technical Assessment Branch, Office of Solid Waste, U.S.
Environmental Protection Agency, Washington, D. C.

ABSTRACT

Throughout the world are field scientists who are in a unique position
to see subtle changes in their object of study and their environment.
Field scientists keep extensive field notebooks, but seldom
communicate findings such as these, unless and until they have
relevance to one of their projects. The object cf this discussion is
the compilations of these findings into a database related to putative

man-made environmental degradation. Some of the wuses of such a
database are obvious and I will discuss others. A shotgun collection
of data would be unproductive. Therefore initial studies will be

concentrated in coastal areas.

When proximity of hazardous waste sites was investigated it was found
that many sites on the National Priority List are contaminating marine
waters and sediments via contaminated surface runoff or ground water.
However, many more sites posing severe environmental hazards are not
listed as Superfund sites because they have not been shown to
represent direct threats to human health, thus have low priority for
corrective action. Toxic agents of concern at these sites include
pesticides, metals, hydrocarbons, PCB’s and others.

Possible questions that may arise will be discussed, among them: 1)
Relative sensitivity to toxic substances of bottom dwelling and
pelagic organisms; 2) normal and pathological concentrations of
metals in fish and sea mammals; 3) quantitative studies of the
relationship between sewage outfalls and plankton blooms; and 4)
normal cycles of plant or animal populations.

The ideal computer for this would be an IBM PC-AT or PC compatible,
because of the available generic software. Data collection could be
implemented, using existing electronic mail and "bulletin board"
packages. Access to these media is available to scientists across the
country. The proposed database should be either a relational
database, such as Oracle or a collection of related databases such as
Database III.
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ASSESSMENT OF THE MICROSCREEN PHAGE-INDUCTION
ASSAY FOR SCREENING HAZARDOUS WASTES

Virginia Stewart Houk and David M. DeMarini, Genetic Toxicology
Division, Health Effects Research Laboratory, U.S. Environmental
Protection Agency, Research Triangle Park, North Carolina 27711

ABSTRACT

The Microscreen phage-induction assay, which quantitatively measures
the induction of prophage in Escherichia coli WP2 (\), was used to
test 14 crude (unfractionated hazardous industrial waste samples for
genotoxic activity in the presence and absence of metabolic activation.
Eleven of the 14 wastes induced prophage, and induction was observed at
concentrations as low as 0.4 picograms per ml. Compariscons between the
mutagenicity of these waste samples in Salmonella and their ability to
induce prophase M indicate that the Microscreen phage-induction assay
detected genotoxic activity in all but one of the wastes that were
mutagenic in Salmonella. Moreover, the Microscreen assay detected as
genotoxic 5 additional wastes that were not detected in the Salmonella
assay. Partial chemical characterizations of the wastes showed high
concentrations of carcinogenic metals, solvents, and chlorinated
compounds, most of which are detected poorly by the Salmonella assay.
However, recent studies of the induction of prophage by these chemical
classes have suggested that phage induction may be a sensitive endpoint
for these groups of chemicals. This may explain the enhanced ability
of the Microscreen phage-induction assay to detect genotoxic activity
in 5 additional wasted compared to the Salmonella assay. The
applicability of the Microscreen phage-induction assay for screening
hazardous wasted for genotoxic activity is discussed along with some of
the problems associated with screening highly toxic wastes containing
toxic volatile compounds.

INTRODUCTION

According to estimates by the U.S. Environmental Protection Agency (US
EPA), more than 260 million metric tones of hazardous wastes are
generated annually, a quantity equal to more than 70 billion gallons
{(Dietz et al, 1984). Some of the acute health effects linked to
hazardous waste exposures include lung and skin irritations (US EPA,
1980) , eye irritations and menstrual problems (Grisham, 1986), and
transitory liver damage (Clark et al, 1982; Meyer, 1983). Included
among the chronic health effects associated with hazardous waste
exposure are chromosomal damage, cancer, and reproductive anomalies
(Maugh, 1979; Vianna and Polan, 1984; Warren, 1981).
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One of the ways by which wastes are classified as hazardous is on the
basis of specific chemical constituents that may be present in the
waste (Federal Register, 1980; Greer, 1984). However, analyzing a
waste for a limited set of compounds may not provide data that reflect
the overall chemical composition of the waste, nor does it take into
account the possibility of chemical interactions (antagonisms,
synergisms, etc.) or the production of metabolites resulting from
degradative pathways. In contrast to chemical analysis, the
identification of potential biological effects elicited by a waste may
provide more useful information for determining human health effects.
Because of the presence of known mutagens and carcinogens in many
wastes, genetic toxicity is an important endpoint that should be
determined for wastes.

The Salmonella assay developed by Dr. Bruce Ames and coworkers (Ames et
al, 1975) has been used more than any other short-term assay for
determining the genotoxicity of complex mixtures and hazardous wastes.
However, hazardous wastes can contain high concentrations of
carcinogenic metals, chlorinated compounds, and solvents (US EPA, 1984)
that are detected poorly by the Salmonella assay (Kier et al, 1986;
Zeiger and Tennant, 1986; Claxton et al, 1987). Thus, the genotoxic
potential of some wastes may escape detection when evaluated by the
Salmonella assay.

The Microscreen phage-induction assay developed by Rossman et al
(1984), has been shown to detect some carcinogenic metals (Rossman et
al, 1984), chlorinated pesticides {Houk and DeMarini, 1987), and
solvents (Houk and DeMarini, in prep.) that are not mutagenic in
Salmonella. It is a rapid and inexpensive assay that quantitatively
measures the induction of prophage A in Escherichia coli WP2 (\).

. . . s
The induction of prophage is one of several events that may occur upon
induction of the SOS response, which is a cellular reaction to DNA
damage. Other manifestations of the SOS response include DNA repair
and mutagenesis, and may agents that induce the SOS response in
bacteria are also genotoxic in a variety of other organisms (D'Ari,
1985).

MATERIALS AND METHODS

In the present study, we have used the Microscreen phage-induction
assay to evaluate the genotoxicity of 14 crude hazardous waste samples
obtained from Edward L. Katz, Hazardous Waste Engineering Laboratory,
US EPA, Cincinnati, OH (Table 1). Three of the waste samples were from
petrochemical, pharmaceutical, and plastics manufacturers (A, B, and C,
respectively). The remaining wastes (D through 0) were composites of
wastes from a variety of industrial sources that were collected by 4
commercial hazardous waste incineration facilities and classified
according to their aqueous or organic properties. Table I provides a
cursory physical description of the wastes, all of which were liquids
or semi-solids.
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Table II shows the results of a partial chemical analysis that was
performed on these samples (US EPA, 1984). These characterizations
should not be viewed as indicative of the overall chemical composition
of the wastes because the analysis was limited to specific organics
and/or metals identified in the EPA Appendix VIII list of priority
pollutants (US EPA, 1984). In addition, for purposes of a previous
study on the performance of hazardous waste incinerators (US EPA,
1984), 7 of the waste samples (B, F, G, J, K, L, and M) were spiked
with carbon tetrachloride and trichloroethylene. Thus, the
concentrations of these 2 chemicals in the 7 waste samples reflect this
addition.

The phage-induction assay was performed as described by Rossman et al.
(1984) with modifications (Houk and DeMarini, 1987). For a more
detailed explanation of materials and methods, see Houk and DeMarini
(1987, and submitted). The bacterial strains are derivatives of E.
coli B/r. WP2_(N\) is a lambda lysogen of WP2s (trpE, uvrd), and SR714
(trpE, uer3) is the indicator strain.

The crude (unfractionated) waste samples were serially diluted in
supplemented minimal medium in sterile 96-well microtiter dishes
(Corning). The lysogenic strain of E. coli was then exposed overnight
(20 h, 37°C) to the diluted wastes in the presence and absence of an
exogenous metabolic activation system (S9). Following exposure, wells
of the microtiter dishes were scored for turbidity (cell survival and
growth) or clarity (cytotoxicity and/or inhibition of cell growth).
Turbidity in the wells of microtiter dishes was often difficult to
discern due to the physical nature of these crude complex mixtures.
Many of the waste samples produced a precipitate (noted by a "P" in
Table III) or an oily film (noted by an "F") that complicated the
determination of whether the wells were clear or turbid. The cytotoxic
responses of the waste samples are noted by a "T" for clear wells and a
"t" for slightly turbid wells in Table III.

Wells of the microtiter dishes were then sampled for the presence of
prophage by exposing diluted contents of selected wells to the
indicator strain (SR714) and enumerating the resulting plaque-forming
units (PFU). The appearance of a dose-related increase of induced
(observed minus background) PFU that reached or exceeded the upper
limits of the 99% confidence interval for the control plates indicated
a positive--or genotoxic--response. The background PFU/plate were
calculated by averaging results from eight medium control wells (with
and without S9) for each experiment. The upper limits of the 99%
confidence intervals were 102 PFU/plate in the presence of $9 and 30
PFU/plate in the absence of S9.
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RESULTS

The response for each waste sample based on the criterion described
above is shown in Table III, which also presents raw data from a
representative experiment for each of the wastes. Doses were selected
to illustrate the response range for each waste tested. Eleven of the
14 crude hazardous waste samples induced prophage; only 2 of the wastes
(D and J) required S9 for induction. 1In addition to showing the
induced PFU/plate, Table III also indicates the fold increase over the
background. For most of the positive waste samples, the dose that
produced either 102 induced PFU/plate (+S9) or 30 induced PFU/plate
(-S9) generally resulted in a 3~ or 4-fold increase over the
background, which is consistent with the fold increase observed in a
previous study of pure compounds (Houk and DeMarini, 1987). This is
also consistent with the 3-fold increase recommended by Rossman et al
(1985) for a positive response.

Dose-response curves for the waste samples are illustrated in Figs. 1-
3. Except for waste samples A and C in the presence of 89 (Fig. 3),
each waste sample produced a dose-response curve exhibiting a linear
portion that spanned A 1 order of magnitude of dose (Figs., 1 and 2).
Based on the linear portions of these dose-response curves, we
calculated the concentration required by each waste to produce an
induced PFU/plate equal to the upper limits of the 99% confidence
intervals of the medium controls (Table IV). Each of these values
represent the minimum concentration of the waste required to produce a
positive response based on our criterion described previously. The
waste samples were then ranked from the most to the least potent (Table
1v).

Although waste samples A and C were positive in the presence of $9
(Table III), they did ont product simple linear dose responses.
Instead, they produced reproducible, multimodal dose-response curves
that ranged over 4 orders of magnitude (Fig. 3). In addition, waste
sample G produced a nonlinear dose response at the doses tested in the
presence of S9 (Table III; data not plotted).

DISCUSSION

The partial chemical characterization available for these wastes (Table
II1) is more extensive than would ordinarily be available for most waste
samples. However, even this level of chemical analysis is inadequate
to distinguish a genotoxic form a nongenotoxic waste or to indicate
which waste might be more genotoxic than another. For example, the
chemical analysis of the petrochemical and pharmaceutical waste samples
(A and B, Table II) does not necessarily suggest the remarkable
cytotoxic and genotoxic potencies exhibited by these two samples
compared to the other waste samples (Tables III and IV). Likewise, the
finding that waste samples K, N, and O were not genotoxic is not
readily apparent from their chemical profiles, which are relatively
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indistinguishable form those of the genotoxic waste samples (Table II).
The limitations of the chemical analysis for predicting the biclogical
effects of these wastes argue in favor of biocassays to characterize the
possible hazardous nature of wastes.

The similar genotoxic potencies exhibited by most of the waste samples
(Fig. 1, Table IV) may have been due to the fact that most of these
wastes were composites of wastes from a variety of sources. Thus,
mixtures of potent and weak wastes may result in samples with similar
average potencies. Consistent with this interpretation is the fact
that the two samples that have vastly different potencies from the rest
{(samples A and B) are not composite wastes but are from two distinct
industrial sources, the petrochemical and pharmaceutical industries.

Table V compares the mutagenicity of these waste samples in Salmonella
to the ability of these waste samples to induce prophage. All but one
of the wastes that were mutagenic in Salmonella also induced prophage.
This is consistent with studies of pure compounds which show that for
those compounds tested, most chemicals that are mutagenic in Salmonella
also induce prophage and/or the S0S response (Elespuru, 1984; Oda et
al, 1985; Ohta et al, 1984; Quillardet et al, 1985; Rossman et al,
1986). Thus, at lease some concordance between the assays is not
surprising. The inability to detect waste sample O in the phage-
induction assay may have been due to a toxic or inhibitory effect of
the sample on prophage production as evidenced by a reduction in
PFU/plate at concentrations above 100,0000 pg/ml (Table III).

The phage-induction assay detected 5 additional waste samples as
genotoxic that were not mutagenic in Salmonella (Table V). As
mentioned previously, the Microscreen phage-induction assay has been
shown to detect some carcinogenic metals (Rossman et al, 1984),
chlorinated organics (Houk and DeMarini, 1987), and solvents (Houk and
DeMarini, in prep.) that are not mutagenic in Salmonella (Keir et al,
1986; Zeiger and Tennant, 1986). Metals and compounds of these types
are present in most of the waste samples studied here (Table II), and
the ability of some of these compounds to induce prophage may account
for the detection by the phage-induction assay of the 5 additional
waste samples that were not detected by the Salmonella assay. In
addition, accumulating evidence indicates that phage-induction (and the
SOS response in general) is a broader genetic endpoint than reverse
mutation in bacteria, occurring by a variety of mechanisms (Elespuru,
1984; Hofnung and Quillardet, 1986) and involving a number of classes
of genetic damage (Rossman et al, 1985; Elespuru, 1984).

For most assays, complex mixtures must be extracted or fractionated
prior to bioassay to make them compatible with the test system.
However,with the Microscreen assay we were able to test the crude
wastes directly, saving considerable time, effort, and expense. The
‘unfractionated wastes posed no sterility problems, probably due to
their extreme toxicity. Other wastes, however, may contain microbial
contaminants that would necessitate the preparation of organic
extracts.
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Currently, the US EPA identifies wastes as hazardous based primarily on
physical characteristics and chemical composition of the wastes
(Federal Register, 1980; Friedman, 1985; Greer, 1984). However, the
deficiencies of this definition have led EPA to consider adding health
effects, including mutagenicity, to their definition of hazardous waste
(Federal Register, 1983; 1984a,b). In addition to government, industry
also has recognized the important role that short-term assays could
play in the toxicological assessment of hazardous wastes (Barfknecht
and Naismith, 1984; Guiney, 1985). 1In combination with chemical
analysis, assessments of the biological effects of wastes could
contribute valuable information regarding the hazardous nature and risk
associated with exposure to industrial wastes and effluents. Our data
suggest that the Microscreen phage-induction assay may provide a
simple, sensitive, and inexpensive way to screen hazardous wastes for
an important biological endpoint, genotoxicity.
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TABLE I

PHYSICAL DESCRIPTIONS OF HAZARDOUS WASTES

Waste Physical Description
State

A Liquid Black, very thin oil from a petrochemical manufacturing
plant

B Liquid Black, oily liquid from a pharmaceutical manufacturer

C Tar Black, pourable tar produced during the production of plastics

D Liquid Composite of aqueous wastes; watery liquid with red oil droplets

F and G Semi-solid Composite of organic wastes; biphasic gray sludge with reddish-
brown liquid '

H and I Suspension Composite of aqueous wastes; thin, gray slurry

J Liquid Composite of organic wastes; gray, thick liquid with suspended
solids

K Liquid Similar to K, but lighter in color and thinner

L and M Tar Composite of organic wastes; black, thin, pourable tar

N and 0 Liquid Composite of aqueous wastes; clear, watery liquid
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ot T

CONCINTRATIONS OF CHEMICALS AND METALS IDENTIPIED IN HAZARDOUS WASTES (ug/q)

Petro~ Pharaac  Plas~ Nazardous wvaste incineration -facility
chemical teutical tics 1 3
. Agquecus Orgarnic Organic Aguecus Organic Qrganic Aqueous
Chemical/Metald A L] [« o] | 4 r G R 1 J X L M bl o)
Antline 14000 $50000
senzyl chloride joo00
3g=-(2-ethyl~ $00 <100 3800 200 230 <10 <12
hexyl)-phthalate
sutylbenzyl~ <100 320 120 450 [¢-] ] 160 140
phthalate
Chlordane <60 <60 19000 19000
thlorophenyliso= 21000 .
cyanate
Cresol(s) 2000 2500
Dlethylphthalate 620 1300 240 240
s-Dichlorobenzene 2300
o-Dichlorobensene 46000
p-Dichlorobenzene 59000
»Oinitrobsngene <100
Diphenylamine 6200
1,4=Dimethylphenol $00 2000
Nezachloro~ <10 <10 <10 <10
butadiene
Nezachloroethane 560
Nexachlorocyclo~ <10 <10 230 260
pentadiene
tsophorone €100 110
Nonoaitrodbenszens <100
Naphthalene <100 <100 150 250 450 4« 49 450 490 3 N <10 <10
Phenol 34000 1000 1500 1700 1600 2900
thenylenediamine 2300
Pheaylisocyanate 160000
Trans=-1,4-dichlo- $9000
ro=2-butane
l2.4¥richlorobensane 290
Senzene <3 260 46000 S8000 <10 <10
Carboa tetra- 68000 44000 <2 €000 3700 4400 <10 [41] $900 $700 9100 11300 <10 <10
chlorided
Chlorobansene 4100 390 so0 <10 <10
Chloromethane 1200
Chloroforms 2900 170 270 21 22 110 60 <10 g
cis=1,4=dichloro~ 18000
1=butens
Methylene bromide <10 <10 lwo 4700
Methylene chloride 21000 100 Je0 44 60
Nethyl ethyl ketone 27 700 10000 38000
Tetrachloroethyleas 11000 <1 28 7100 92800 1600 1300 7900 8100 8?7 150 <10 €10
Tolusne 240000 110 2400 32000 43300 2900 2700 %6000 48000 160000 390000 22 20
1,1, t=Trichloroethane< 100 24000 16000 330 230 <0 <10
Trichloroethy leney 4000 40000 <1 3500 3700 4400 *° [ 1] 8100 7000 8300 10300 <to <10
A <« <1 <1 <1 <t <1 <t
A <24 <20 <20 <20 <20 (471 <14 <23 2}
. <? 10 140 [ ] 7 1160 1180 "0 1100
L ] [#] (4] <3 <1 <t <« <1 <1 <1
: <s $ [ <1 « 153 13 49 s
" ‘;; S0 87 3 3 431 423 2%0 290
" & <10 <10 <10 <10 <4 <4 <50 <30
" phed ? 7 2 2 2 7 <4 <4
© 140 150 <10 1t 183 1800 1300 1300
by <;2 S8 (3} <16 <10 7 m <24 24
n <470 340 <to0 <100 <100 <2t <21 <160 <180
n <23 <20 <20 <20 <20 <9 <9 <22 €22
<1 (4]
L}
o 2 » ? ? ¢ ? 7 7 1
Vater {4) 2 S L] 3 ) L L1} [ 3 21 23 s H % %

Data Crom EPA (1384)

SNaste samples B, ¥, P, G, J, X, L, and N wers spiked vith these 2 chemicals.

2-149



TABLE III INDUCTION OF PROPHAGE LAMBDX BY HAZARDOUS WASTES

+S9 -S9
Induced Fold Induced Fold
Dose PFU per PFU per in- Dose PFU per PFU per in-
Waste (ug/ml) Plated platel crease {ug/ml) Plate Plate crease
A 0 21 ) - 0 12 0 -
5.0 X 10~> 82 61 3.9 2.0 x 107 30 18 2.5
2.0 X 104 160 139 7.6 4.0 x 1077 49 37 4.1
1.2 X 1072 320 299 15.2 8.0 x 10°7 60 48 5.0
2.5 X 1072 388 367 18.5 1.5 X 10-6 2(T1) 0 -
1.5 552 ‘531 26.3
50 241 220 11.5
200 182 161 8.7
400 o(T) 0 0
Response + +
B 0 21 0 - 0 12 0 -
0.05 249 228 1.9 2.0 X 10~7  24(P) 12 2.0
0.1 421 400 20.0 4.0 X 10~7  49(P) 37 4.1
0.2 582 561 27.2 8.0 X 10~7 106(P) 94 8.8
0.4 957 936 45.6 1.5 X 10-6 136(P) 124 11.8
0.8 561(T,P) 540 26. 3.0 X 10°6 572(t,P) 560 47.8
1.6 2(T,P) ] -— 6.0 X 10~ 24(p) 12 2.0
Resgponse + +
c 0 21 0 - 0 26 0 -
1.0 X 10-2 29 8 1.4 200 24 0 -
5.0 X 102 56 35 2.7 400 30 4 1.2
0.2 125 104 6.0 800 57 31 2.2
0.8 81 60 3.9 1,600 68 42 2.6
3 53 32 2.5 3,100 o(T) (] -
12 48 27 2.3 6,300 a(T) ) -
50 136 115 6.5
200 9(t) 0 -
Response + +
D ] 52 0 - 0 12 0 -
800 76 24 1.5 800 19 7 1.6
1,600 138 86 2.7 1,600 12 0 1.0
3,100 131 79 2.5 3,100 12 0 1.0
6,300 148 96 2.8 6,300 11 0 -~
12,500 218 166 4.2 12,500 12 0 1.0
25,000 23(t) ) -~ 25,000 0(T) 0 -
Response + : -
F 0 53 ) - 0 9 0 -
100 63 10 1.2 200 15 4 1.7
200 78 25 1.5 800 33 24 3.7
400 103 50 1.9 1,600 75 66 8.3
3,100 115 62 2.2 3,100 235 226 26.1
12,500 259 206 4.9 6,300 721 712 80.1
25,000 3,755(P) 3,702 70.8 12,500 1,960 1,951 217.8
50,000 416§p; 363 7.8 25,000 962 953 106.9
100,000 o(p 0 -~ 50,000 1(p) 0
Response + +
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+S9 -S9
Induced Fold Induced Fold
Dose PFU per PFU per in- Dose PFU per PFU per in-
Waste (Bg/ml) Plate Plate crease {(pg/ml) Plate Plate crease
G 0 89 0 - 0 19 0 -
1,250 353 264 4.0 780 20 1 1.0
2,500 346 257 3.9 3,100 100(t) 81 5.3
5,000 402 313 4.5 5,000 950(t) 931 50.0
6,300 400 31 4.5 6,250 5,430(t) 5,411 285.8
12,500 466 377 5.2 10,000 3,450(t) 3,431 181.6
25,000 4,200(P) 4,111 47.2 20,000 2,300(T) 2,281 121.1
40,000 1,800(P) 1,711 20.2 25,000 71(T,P) 52 3.7
50,000 17(P) 0 - 50,000 0(T,P) 0 -
Response + +
H 0 53 0 - 0 9 0 -
400 33 0 - 400 10 1 1.1
800 76 23 1.4 800 14 5 1.6
1,600 202 149 3.8 1,600 19 10 2.1
3,100 373 320 7.0 3,100 42 33 4.7
6,300 591 538 11.2 6,300 64 55 7.1
12,500 792 739 14.9 12,500 138 129 15.3
25,000 0(P) 0 - 25,000 o(p) 0 -
Response + +
I 0 53 0 - 0 9 0 --
800 88 35 1.7 800 11 2 1.2
1,600 361 308 6.8 1,600 34 25 3.8
3,100 768 715 14.5 3,100 68 59 7.6
6,300 740 687 14.0 6,300 44 35 4.9
12,500 936 883 17.7 12,500 27 18 3.0
25,000 0(P) o - 25,000 0(P) 0 -
Response + +
J 0 62 0 - 0 12 0 -
12 56 0 -- 6 10 0 -
50 76 14 1.2 12 13 1 1.1
100 111 49 1.8 25 15 3 1.3
200 173 1 2.8 50 26 14 2.2
400 133 71 2.1 100 28(t) 16 2.3
800 12(t) 0 - 200 10(t) 0 -
Response + -
K 0 62 0 - 0 26 0 -
50 69 7 1.1 200 27 1 1.0
100 60 0 - 400 29 3 .1
200 66 4 . 800 3(t) o -
400 87 25 . 1,600 3(t) 0 --
800 16(t) 0 - 3,100 1(t) 0 -
Response - -
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+S9 -S9
Induced Fold Induced Fold
Dose PFU per PFU per in~ Dose PFU per PFU per in-
Waste (kg/ml) Plate Plate crease (ug/ml) Plate Plate crease
L 0 62 0 - 0 12 0 -
12 69 7 1.1 800 29 17 2.4
400 116 54 1.9 1,600 69 57 5.8
6,300 204 142 3.3 3,100 101 89 8.4
12,500 464(F) 402 7.5 6,300 266 254 22.2
25,000 2,350(F) 2,288 37.9 12,500 1,692 1,680 141.0
50,000 O(F) 0 - 25,000 5(F) 0 -
Response + +
M 1] 62 0 - 0 12 0 -
3,100 132 70 2.1 1,600 53 41 4.4
6,300 131 69 2.1 3,100 79 67 6.6
12,500 184(F) 122 3.0 6,300 224 212 18.7
25,000 406(F) 344 6.5 12,500 2,085 2,073 173.8
50,000 287(F) 225 4.6 25,000 7,590(F) 7,578 632.6
100,000 0(F) 0 - 50,000 0(F) 0 -
Response + +
N V] 87 0 - 0 26 0 -
37,500 107 20 1.2 37,500 28 2 1.1
50,000 139 52 1.6 50,000 23 0 -
75,000 135 48 1.6 75,000 23 0 -
100,000 142 585 1.6 100,000 24 0 -
200,000 23 0 - 200,000 16 0 -
300,000 18 0 - 300,000 10 0 -
Response - -
(o] 0 87 0 - 0 26 0 -
37,500 77 0 - 37,500 12 0 -
50,000 84 0 - 50,000 11 0 -
75,000 94 7 1.1 75,000 12 0 -
100,000 100 13 1.1 100,000 16 0 -
200,000 31 0 -— 200,000 10 0 -
300,000 18 0 - 300,000 6 0 -
Response - -

dgach value is the average of two plates.

(slightly turbid well); P, precipitate; F, oily film on surface of medium. The

T, toxic (clear well); t, slightly toxic

positive control results were: 2-aminoanthracene (0.3 ug/ml) 716 * 288 PFU/plate;

2~-nitrofluorene (150 ug/ml) 400 * 264 PFU/plate.
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TABLE IV RELATIVE POTENCIES OF WASTES

Concentration (pg/ml) required to produce an
induced PFU/plate equal to the upper limit

of the 99% confidence interval based on the
medium controls?

Waste +S9 (rank) ~S9 {rank)
B 0.03 (1) 3 x 1077 (1)
A +b 4 x 107 (2)
o + '1082 (3)
J 185 (2) -

I 976 (3) 1888 (7)
H 1346 (4) 3355 (8)
L 3029 (5) 1200 (4)
D 6076  (6) -

F 6444 (7) 1490 (5)
M 9561 (8) 1638 (6)
G + 3456 (9)

AThis is the concentration (ug/ml) required to produce 102

induced PFU/plate (+S9) or 30 induced PFU/plate (-S9).

bpotency value incalculable due to nonlinear dose response

(see text).
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TABLE V COMPARISON OF PROPHAGE INDUCTION IN Escherichia coli AND

MUTAGENESIS IN Salmonella typhimurium

Prophage
Induction Mutagenicity in
Waste in E. coli S. typhimurium?
A * +
B + &
C *» +
D 4 -
F * +*
- + +
) 'S -
1 + -
3 * -
4 - -
L + 4
| + +
N - -3
Fo) - *

2 From DeMarini et al (1987b). Wastes were tested in strains TA98 and
TA100. A positive response in either strain, with or without §9, was

sufficient for a positive summary response reported here.
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Fig. 1.

Fig. 2.

Fig. 3.

Dose-response curves of prophage induction by hazardous waste samples
in the presence and absence of S9. Only the linear portions of the
dose-response curves are shown, and the correlation coefficients
("r2" values) are 0.99 for all of the curves except for L (0.97)

and F (0.92) in the presence of $9; and for C (0.91), M (0.98), and

G (0.88) in the absence of S9.
Linear portions of the dose-response curves of prophage induction by
hazardous waste samples A and B in the absence of S9. Correlation

coefficients are 0.94 and 0.99 for A and B, respectively.

Dogse~-response curves for waste samples A and C in the presence of S9.
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ASSESSMENT OF THE TLC/SALMONELLA ASSAY FOR SCREENING HAZARDOUS WASTES

Virginia Stewart Houk and Larry D. Claxton, Genetic Bioassay Branch,
GTD/HERL, U.S. Environmental Protection Agency, Research Triangle Park,
NC

ABSTRACT

Using a modified version of the TLC/Salmonella assay developed by
Bjorseth et al. (1982), ten complex hazardous wastes were tested for

mutagenic activity. This method couples thin layer chromatography
(TLC) with the Salmonella/mammalian-microsome (Ames) assay for the
detection of mutagenic constituents in complex mixtures. Crude

hazardous wastes and selected hazardous waste extracts were
fractionated on commercially available cellulose TLC plates.
Mutagenicity testing was performed by applying a single overlay of
minimal growth agar containing a tester strain of Salmonella and the
optional metabolic activation system directly onto the developed
chromatogram. The appearance of localized clusters of revertant
colonies or an increase in total revertant growth vis-a-vis control
plates indicated a mutagenic response. Seven of ten hazardous wastes
demonstrated mutagenic activity when tested by this method.

To assess the sensitivity of the modified TLC/Salmonella assay,
fourteen Salmonella mutagens from a wide range of chemical classes and
polarities were tested. The selected compounds included heterocyclics,
aromatic amines, alkylating agents, antitumor agents, a nitrosamine,
and a nitroaromatic. Eleven of the fourteen mutagens were positive in
this test system. The three compounds refractory to analysis included
a polycyclic aromatic hydrocarbon and two volatile compounds.

INTRODUCTION

Complex hazardous wastes are composed of compounds that manifest
diverse chemical, physical, and toxicological properties. Human
exposures to hazardous wastes have been associated with a number of
adverse health effects, including chromosomal damage, cancer, and
reproductive anomalies (Maugh, 1979; Vianna and Polan, 1984; Warren,
1981). Adequate characterization of the genotoxic potential of
hazardous wastes is therefore crucial to the assessment of 1risk to
human health.

Assessments of genotoxic risk are based in part upon results from
short-term in vitro assays. One such test, the Salmonella/mammalian-
microsome assay (Ames et al., 1975; Maron and Ames, 1983) has been used
for over a decade to predict the mutagenic potential of pure compounds
and complex mixtures. To enhance detection capabilities, in vitro
assays are often coupled with chemical or physical fractionation
techniques to separate or remove %ngg components from the complex



sample prior to testing and to reduce the effects of interactive
mechanisms. For example, in a study performed by Bjorseth et al.
(1982), thin 1layer chromatography was used to segregate potential
mutagens in a complex environmental mixture, and the Salmonella assay
was then applied directly onto the developed chromatogram. The
subsequent appearance of 1localized clusters of revertant colonies
suggested the presence of a mutagenic constituent. This assay has been
successfully applied to the analysis of air samples (Bjorseth et al.,
1982), extracts of typewriter ribbons and carbon paper (Bjorseth et
al., 1982; Moller et al., 1983), and emission samples from coal- and
oil-fired boilers (Alfheim et al., 1983).

We modified the TLC/Salmonella assay described by Bjorseth and his
colleaques by replacing the double-agar system with a single overlay
composed of agar, tester strain, and the metabolic activation system.
This modification simplified the technique, reduced preparation time,
and, additionally, provided direct contact between the bacteria and
partitioned components on the chromatogram, ostensibly enhancing
detection of nonpolar and intermediately polar compounds. A complete
description of this work has been published elsewhere (Houk and
Claxton, 1986).

Ten hazardous wastes were screened for mutagenic activity using this
modified assay. Samples were selected from a variety of dissimilar
waste types, including acids, caustics, tars, emulsions, and sludges.
Solids, semi-solids, and liquids were represented, as were inorganic
and organic wastes.

The detection capabilities of this modified TLC/Salmonella assay were
challenged with fourteen compounds known to be mutagenic in the
Salmonella plate incorporation assay. Mutagens were selected from a
wide range of chemical classes and polarities, and included alkylating
agents, aromatic amines, antitumor agents, a nitrosamine, and a
nitroaromatic.

MATERIALS AND METHODS

The hazardous waste samples evaluated in this study were obtained from
Batelle Columbus Laboratories, Columbus, Ohio, courtesy of Dr. M.
McKown. Table 1 provides gross chemical and physical characterizations
and a cursory description of each waste tested. Results from gas
chromatography/mass spectrometry (GC/MS), emission spectroscopy, and
analysis for purgeable and semi-volatile organic compounds have been
published elsewhere (Battelle, 1981; Houk, 1984; Miller et al., 1981;
Warner et al. 1981).

Most samples arrived in physical states that favored direct application
to TLC plates (liquids, emulsions, sludges, and a tar). The organic
still bottoms and the de