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REPORT SUMMARY

This study examined leachate and lysimeter concentration data from 34 engineered landfills
in Wisconsin. The particular objectives were to (1) examine which volatile organic
compounds (VOCs) are most prevalent, (2) determine typical VOC concentrations, (3)
examine if temporal trends in VOC concentration exist, (4) compare typical VOCs and VOC
concentrations between leachate and lysimeter data, (5) compare VOC concentrations in
the lysimeters of clay and composite lined landfills, and (6) compare relative concentrations
from field data with those determined from analytical solutions. Landfills examined in this
study were located through-out the state and were constructed using either a compacted
clay or composite (compacted clay overlain by a geomembrane) liner. Data from landfills
examined show that 5 main compound classes are present in both leachate and lysimeters
(aromatic hydrocarbons, alkanes, alkenes, ketones, and furans). The concentrations of
these compound classes ranged between 1 and 100 ug/L in leachate and between 0.1 and
10 pg/L in lysimeters for the aromatics, between 5 and 75 pg/L in leachate and between 1
and 25 ug/L in lysimeters for the alkanes and alkenes, and between 1 and 10,000 pug/L in
the leachate and between 1 and 1000 ug/L in the lysimeters for the ketones and furans.
Temporal trends were examined using linear regression analysis. Linear regression results
suggest that 70% of the analyses for leachate data and 80% of the analyses for lysimeter
data have no trend in concentration with time. ANOVAs comparing leachate concentration
data based on the type of waste stream suggest that higher average VOC concentrations
are present at landfills accepting MSW compared to those co-disposing of MSW and ISW.
VOC concentrations in leachate were examined spatially and VOCs were determined to be

detected more frequently and at higher average concentrations in the southeast region of



v
the state. Eleven VOCs were found in the lysimeters of both clay and composite lined
landfills. Liner types were compared (clay vs. composite) using and analysis of variance
(ANOVA). ANOVA results suggest that the concentrations were statistically no different
between clay and composite lined landfills for 8 of the 11 VOCs. A solution to the advection
diffusion equation (ADE) derived and presented by van Genuchten 1981 was used to predict
contaminant transport through landfill liners. Results from the analytical solution under-
predict the concentrations determined from field data for all of the compounds examined in
this paper. VOCs are ubiquitous in landfill leachate and lysimeters and most VOC
concentrations do not exhibit decreasing temporal trends. This study has shown that the
potential for groundwater contamination from VOC migration remains a problem associated

with both clay and composite lined landfills.
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SECTION 1: LEACHATE CHARACTERIZATION OF VOLATILE ORGANIC COMPOUNDS
(VOCS) FROM LINED LANDFILLS IN WISCONSIN

ABSTRACT

Thirty four engineered landfills were examined in this study to determine the characteristics
typical of landfill leachates in Wisconsin. The particular objectives were to examine (1)
which volatile organic compounds (VOCs) are most prevalent, (2) if temporal trends in VOC
concentration exist, (3) if VOC concentrations depend on the type of waste stream, and (4) if
VOC concentrations vary spatially. Landfills examined in this study were located through
out the state and were constructed using either a compacted clay or composite (compacted
clay overlain by a geomembrane) liner. Since 1985, The Wisconsin Department of Natural
Resources (WDNR) required landfill personnel to monitor leachate for VOCs. The data from
landfills examined show that 5 main compound classes are present in leachates (aromatic
hydrocarbons, alkanes, alkenes, ketones, and furans). The concentrations of these
compound classes ranged between 1 and 100 ug/L for the aromatic, between 5 and 75 ug/L
for the alkanes and alkenes, and between 1 and 10,000 ug/L for the ketones and furans.
Temporal trends were examined using linear regression analysis. Linear regression results
suggest that 70% of the analyses have no trend in concentration with time. ANOVAs
comparing concentration data based on the type of waste stream suggest that higher
average VOC concentrations are present at landfills accepting MSW compared to those co-
disposing of MSW and ISW. VOCs were examined spatially and were determined to be
detected more frequently and at higher average concentrations in the southeast region of
the state. VOCs are ubiquitous in landfill leachate and most VOC concentrations do not
exhibit decreasing temporal trends, which presents potential long-term impacts to

groundwater if migration through liner systems occurs.



1.1 INTRODUCTION

Volatile organic compounds (VOCs) that are carcinogenic, mutagenic, and/or
teratogenic are found in many items in residential and industrial wastes (e.g., cleaners,
paints, paint thinners, finger nail polish remover, etc.) that are disposed in municipal solid
waste (MSW) landfills (US EPA). These VOCs end up in leachate that forms as water
percolates through the waste as well as the gas within the waste mass. Previous research
in Wisconsin by the Wisconsin Deparment of Natural Resources WDNR has shown that
VOCs are ubiquitous in MSW leachate in Wisconsin (Kmet and McGinley1982, Sridharan
and Didier 1988, Friedman 1988, Battista and Connelly 1989, Battista and Connelly 1994,
Huebner and Gordon 1995). VOCs have also been found in the leachate at landfills in many
other states and countries including Minnesota, Massachusetts, Connecticut, Washington,
Germany, Sweden, and Denmark (Nelson and Book 1986, Massachusetts Department of
Environmental Quality Engineering 1986, Gibbons et al. 1992, Ragle et al. 1995, Gade et al.
1996, Oman and Hynning 1993, Gron et al. 1999)

VOCs present in MSW leachate have the potential to migrate through liners used for
MSW landfills and thus impact groundwater. Battista and Connelly (1994) showed that VOC
migration at unlined as well as clay lined landfills in Wlsaonsin is occurring. The most
frequently observed compounds were benzene, cis-1,2-dichloroethylene, vinyl chloride, and
1,1-dichloroethane, which are the same four VOCs found to occur most often in a study
performed during the 1980’s (Battista and Connelly, 1994). However, no analyses have
been conducted to date to determine if VOCs are also migrating through more modern
composite liners (i.e., geomembrane overlying a compacted clay layer).

The primary objective of this study was to evaluate whether VOCs are migrating
through composite liners in MSW landfills in Wisconsin and whether the rate of migration is

comparable to that in clay-lined landfills. Another objective was to evaluate whether VOCs
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are migrating at a rate that may adversely affect ground water quality. To accomplish these

objectives, data collected by WNDR over approximately the past 25 yrs were analyzed. The
data were obtained from the Groundwater Environmental Monitoring System (GEMS), a
database compiled by WDNR that contains data on water quality and quantity surrounding
675 landfills in Wisconsin.

The GEMS database presents a unique opportunity by providing a temporal record
of not only VOC concentrations in the leachate above the liner (since 1985) but also in the
lysimeters below the liner (since 1987). Especially unique is the data from the lysimeters,
since most states never required landfill owners to construct lysimeters. For each landfill,
GEMS provides temporal data pertaining to VOC concentrations in the leachate, large pan
lysimeters located beneath the liner, and monitoring wells.

This study will examine VOC concentrations in Wisconsin landfills to determine (1)
the nature and concentrations of VOCs present in Wisconsin landfills, (2) if VOCs are
migrating through landfill liners and the rate at which migration is occurring, and (3) the
potential impact that VOC migration may pose to groundwater quality. The study will be
separated into two papers. The focus of the first paper is: to characterize VOCs found in
leachate in Wisconsin landfills. The second paper focuses on VOC concentrations in

lysimeters, and how these concentrations are related to leachate concentrations and liner

type.

1.2 BACKGROUND

Previous studies describing the composition of landfill leachate were reviewed to
provide a comparison with the data collected in this study. Studies of leachate with data on
VOC concentrations are summarized in this section (Kmet and McGinley 1982, Sridharan

and Didier 1988, Friedman 1988, Forst et al. 1989, Gibbons et al. 1992, Tedder 1992, Krug
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and Ham 1995, Rowe 1995, Hunt and Dollins 1996, Townsend et al. 2000, Weber et al.

2002, Kjeldsen et al. 2002). Studies by Sabel and Clark (1984), Melba et al. (1991), Ragle
et al. (1995), Reitzel et al. (1992), Alker et al. (1993), Ward et al. (2002), Kylefors et al.
(2003), and Statom et al. (2004) were also reviewed. However, these studies were limited
to indicator parameters (e.g. total suspended solids, chemical oxygen demand, and
biochemical oxygen demand) and/or cations and anions. Thus, they are not summarized in

this section.

1.2.1 Review of Previous Studies

Kmet and McGinely (1982) examined leachate from 8 landfills in Wisconsin for five classes
of organic compounds: organic acids (3/11)", volatile organic compounds (VOCs) (23/32),
base-neutral organic compounds (8/46), chlorinated pesticides (1/19), and polychlorinated
biphenyls (PCBs) (1/7). The landfills primarily accepted MSW, but may also have received
some hazardous waste due to the time period when the study by Kmet and McGinley was
performed (i.e. fewer restrictions on the disposal of hazardous waste in MSW landfills were
enforced). Kmet and McGinley (1982) report that 36 organic compounds were present in
leachate and 10 organic compounds were present in at least half of the leachate samples
that were analyzed. Concentration ranges for VOCs reported by Kmet and McGinley (1982)
are summarized in Table 1.2.1. Additional data are summarized in Table A1 in Appendix A.
Dichloromethane (DCM), toluene, 1,1-dichloroethane (1,1-DCA), trans-1,2-dichloroethene
(trans-1,2-DCE), and ethylbenzene were detected in at least 60% of the samples analyzed

and were the five most frequently detected VOCs. Approximately 61% (14/23) of the volatile

'Numbers in parentheses indicate number of contaminants found and number of contaminants considered; e.g.,
3/11 means that 3 compounds were found of the 11 compounds considered in the analysis.
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organics reported by Kmet and McGinley (1982) are classified as either alkanes or alkenes

(8/23), chlorinated hydrocarbons (3/23), or aromatic hydrocarbons (3/23).

Sridharan and Didier (1988) examined leachate from 56 landfills in Wisconsin and
found 34 different organic compounds in the leachate samples that were analyzed.
Summary statistics from their study are in Table 1.2.1. Additional data are in Table A2 in
Appendix A. Seven VOCs, (benzene, carbon tetrachloride, dichloromethane,
tetrachloroethene, trichloroethene, vinyl chloride, 1,1,2-trichloroethane) had median
concentrations above USEPA’s maximum contaminant level (MCL) for drinking water. Also,
ethylbenzene, dichloromethane (DCM), phenol, tetrahydrofuran, toluene, and xylene (total)
were above the limit of detection in at least 50% of the samples analyzed. Most of the
aforementioned compounds are classified as alkenes (3/7), alkanes (1/7) or aromatic
hydrocarbons (1/7).

Friedman (1988) examined leachate data from 20 MSW and 6 industrial solid waste
(ISW) landfills in Wisconsin. Summary statistics for the concentrations are shown in Table
1.2.1. Additional data are shown in Table A3 in Appendix A. Friedman (1988) found that of
the 19 compounds detected in leachate at landfills in Wisconsin, toluene was detected most
often (95% of landfills) and styrene was detected least often (5% of landfills). The most
frequently detected compounds are classified into four categories: furans (tetrahydrofuran),
alkanes (chloroethane, 1,1-dichloroethane, and 1,1,1-trichloroethane), alkenes

(trichloroethene and tetrachloroethene) and aromatic hydrocarbons (benzene, toluene,



Table 1.2.1 Range in VOC concentrations in landfill leachates reported in various past studies.

Concentration (ug/l)

Gibbson et al.
. (1992) Hunt .
Parameter USEPA Ilf/lrggti:]lgd asnr('de?drﬁ; Friedman | Forst et old New | Tedder Kr:ﬁ;ﬂd Rowe and Townsend KJZtIdaslen Overall
MCL y (1988) [al. (1989)| landfills | landfills | (1992) (1995) | Dollins |et al. (2000) - | Range
(1982) (1988) (1995) (2002)
(pre- (post- (1996)
1085) | 1985)
59.0- 6.0-
Acetone - - - - - - - - - - 2100 - 440 6.0-2100
1.0- 0.6-
Phenol - 221-5790 | 1.1-2170 - - - - 6090 - - - - 1200 1.0-6090
106- 27.6- 1.1- ND- 1.0- 1.0-
Dichloromethane 5 20000 | 58200 - 6.0 898 | 1390 | 4g1 ND | g300 | 170 | 1628 | g57 | 58200
2.0- 2.7- 2.0- 10.0- 1.0- 1.0-
Toluene 1000 280-1600 | 1.0-1100 1.2-610 3.6-48 583 406 870.4 12300 7000 87.0 1.2-6.7 12300 12300
6.0- 5.0-
1,1-dichloroethane 7 510-6300 - 3.7-190 - 400 116 2.1-12 4120 - 20.0 - 0.6-46 0.6-6300
1,2-dichloroethylene 96.0- ND- 1.6-
(trans) 100 2200 - 3.6-310 1.6 492 104 - 5.6 2080 - - 6582 1.6-6582
4.8- 27.1- 7.0- 0.2-
Ethylbenzene 700 100-250 1.0-1680 1.4-180 1.7-20 198 60 2.3-93 1280 1400 20.0 1.1-10.8 2399 0.2-2329
14.8- 1.0-
Chloroform - 1300 4.4-16 3.4-32 6.6-8.5 - - 21 71 - - - - 1.0-1300
s 13.0- 10- - - - - 10- | 212- | ND- - - - 10-
1,2-dichloroethane 11000 10000 4.0 1030 <86 10000
5.4- 0.1-
Diethylphthalate - | 430300 - - - - - 12.9 - - - - g0 | O-1-660
Dibutylphthalate - 12.0-150 | 13.0-540 - - - ; 10-12 - - - 105 | 0.1-70 | 0.1-540
7.0- 11- 10- | 22- | ND- 0.2 0.2-
Benzene 5 190 10000 | '4220 | 57 65 70 | 130 | 1630 | 590 - - 1630 | 10000
Bromodichloromethane - - 2490 - - - - - - - - - - 2490
Buty|benzy|phtha|ate - 125-150 100-641 - - - - - - - - - 02-80 02-1 50
Carbon tetrachloride 5 - 3.0-995 - - - - - - - - - 4.0-90 | 3995
100 ; 3.0-188 | 2358 . 736 . 13- 60 - - . 0.1- 1 0.1-911
Chlorobenzene ) T 9.4 911 110 )
Chlorodibromomethane - - 31.0 - - - - - - - - - 31
15 | 90- 1.0
Chiorosthane - 170 | 20730 | 56730 | - - - 1o | 90 ] o ] ~ | 15730
1,3-dichloropropene ) ) 25 ) } R R ) } } ) } ) 25
(cis) ) )
di-n-octyl phthalate - - 16.1-542 - - - - - - - - - - 16.1-542




Table 1.2.1 Range in VOC concentrations in landfill leachates reported in various past studies (continued).

Concentration (ug/l)

Gibbson et al.
. (1992) Krug Hunt .
Parameter USEPA I,fﬂr:gthizd ai:;dgfdr;? Friedman Z?;SIt old New | Tedder and Rowe and Townsend szldaslen Overall
MCL (1982)y (1988) (1988) (1989) landfills | landfills | (1992) Ham (1995) | Dollins |etal. (2000) (2002') Range
(pre- (post- (1995) (1996)
1985) | 1985)
Dibromochloromethane - - 22.0-160 - - - - - - - - - - 22.0-160
100- 2.0-
Dichlorodifluoromethane ) 180 242 1 ) ) ) ) ) 1030 ) } ) ) 2.0-1030
Fluoranthene - - 9.5-723 - - - - - - - - - - 9.6-723
3.2-
Fluorotrichloromethane ) } 1.0-183 200 ) ) ) ) ) ) ) B B 1.0-200
Isophorone - N 3.2-520 - - - - 9.4-28 - - - - - 3.2-520
lospropylbenzene - - 1.0 - - - - - - - - - - 1.0
2100- 640- 8.6- 8.6-
Methyl ethyl ketone - - 37000 | 37000 - - - - 36000 - - - 110-6600 | 37009
Naphthalene - 19.0 4.6-186 - - - - 4.5-29 - - - 1.2 0.1-260 0.1-260
1.0-
p-dichlorobenzene 5 ) 2.0-250 ) ) ) ) 39.8 ) ) - N 0.1-16.0 1.0-250
Pentach|0r0pheno| 1 3.0 25.0 - - - - 63-540 - - - - - 3.0-540
Styrene 100 - 2.0 28.0 - - - - - - - - 0.5-1.6 0.5-28
5 26.0-60.0 1.0-232 1.4-69 2.8 - - 1.0-2.0 | 0.8-44 ND- - 3.2 0.05-250 0.05-
Tetrachloroethylene ) ) ) ) ) T ) 2000 ) ) 2000
270- 9.0-
Tetrahydrofuran - - 410-1400 | 44000 | - - - - - - - - 9.0-430 | 43000
1,3-dichloropropene } } 25 ) } ) ) ) ) ) ) ) ) 25
(trans)
1.0- 0.3- 0.01- 0.01-
1,1,1-trichloroethane 200 2400 10000 - | 1e4s - - 11311 3810 - 33.0 - 3810 10000
2.4- ND-
Trichloroethylene 5 160-600 1.0-372.2 280 2.3-79 51 71 1.0-1.2 - 230 - - 0.05-750 0.05-750
10.0- 11.0- 1.0- 0.3- ND- 10.0-
Vinyl chioride 2 61.0 3000 | 150 ] 107 | ST | 496 | s570 | 2010 | 1200 ) - 0.3-5570
30.0- 2.5- 4.4- 10.2- 33.0-
Xylene (total) 10000 - 2000 240 | 3738 - - 85.2 | 3010 - 3go | 1352 | 083500 | 0.8-3010
1.5- 0.5- 1.5-
1,1,2-trichloroethane 5 500 10000 - - - - - 7130 - - - 25-16.0 | 40000




8
ethylbenzene, and xylene). Friedman (1988) compared data from Wisconsin landfills with

those from an unpublished study by the Massachusetts Department of Environmental
Quality Engineering (MDEQE) (1986) which reported the frequency at which VOCs were
found in Massachusetts leachates (VOC concentrations were not reported by MDEQE). The
percent of landfills with VOC detects in leachate is presented in Table 1.2.2. The most
frequently detected class of compound found by the MDEQE was aromatic hydrocarbons
(toluene, ethylbenzene, and xylene at 86%, 71%, and 71% of landfills), with the exception of
methyl ethyl ketone, which was detected at 86% of landfills. For all VOCs detected in both
Wisconsin and Massachusetts leachates, Wisconsin has a higher percentage of landfills
where these VOCs have been detected with the exception of styrene and methyl ethyl
ketone (Friedman 1988).

Forst et al. (1989) examined leachates from four MSW landfills and five hazardous
waste (HW) landfills for chlorinated hydrocarbons and alkylated benzenes. Information
regarding locations of the landfills was not provided. Summary statistics from the data
reported by Forst et al. (1989) are shown in Table 1.2.1. Additional data are in Table A4 in
Appendix A. Of the 22 compounds examined, all 22 were detected in the leachate of one or
more of the HW landfills and 18 compounds were detected in the leachate of one or more of
the MSW landfills. The alkylated benzenes (benzene, toluene, and ethylbenzene, which are
also classified as aromatic hydrocarbons) were detected at all sites examined by Forst et al.
(1989). Compounds that were only detected in HW landfill leachate include, 1,2-
dichloroethane, 1,2-dichloropropane, propylbenzene, and 1,2,3,4-tetramethylbenzene. Also,
for compounds detected in both HW and MSW landfill leachates the concentrations were
two to three orders of magnitude lower in the MSW leachate, on average.

Gibbons et al. (1992) examined leachate data from 36 MSW, 12 HW, and 29 co-

disposal (MSW and HW) landfills in 18 states operated between 1950 and 1991.



Table 1.2.2 Comparison of percent VOC detections in leachates
of Massachusetts and Wisconsin landfills (adopted
from Friedman (1988)).

Percent landfills with VOC
detections in leachate

Parameter
Massachusetts Wisconsin

Styrene 5 14
Vinyl chloride 16 0

Chlorobenzene 16 0

Trichloroflouromethane 26 0

Chloroform 26 14
Methyl ethyl ketone 37 86
1,2-dichloroethane 42 0

1,4-dichlorobenzene 42 0

1,2-dichloroethylene (trans) 42 29
1,1,1-trichloroethane 47 14
Chloroethane 58 14
Tetrahydrofuran 58 14
Tetrachloroethylene 58 14
1,1-dichloroethane 63 29
Trichloroethylene 63 29
Benzene 63 43
Xylene, o- 84 71
Ethylbenzene 84 71
Toluene 95 86
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Leachate data were examined for 56 VOCs. Gibbons et al. (1992) defined “old” and “new”

landfills as those accepting municipal, commercial, and industrial non-hazardous waste prior
to and after 1985. Summary statistics for the VOC concentrations are in Table 1.2.1. The
proportion of MSW landfills with detects and the arithmetic mean concentration is shown in
Table A5 in Appendix A. Gibbons et al. (1992), found that aromatic hydrocarbons (benzene,
chlorobenzene, and ethylbenzene), alkanes (DCM), and alkenes (trans-1,2-dichloroethene)
were the most frequently detected VOCs regardless of landfill type (MSW vs HW).

Tedder (1992) examined leachate data from 6 MSW landfills in Florida. Five of the
landfills accepted only MSW and one received MSW as well as ash from a MSW incinerator.
One of the MSW landfills was operated with leachate recirculation. The landfills began
operating between 1978 and 1989. Data from 150 samples collected between January
1987 and February 1992 were examined. Concentrations of 76 organic compounds listed
by USEPA were examined, but not all compounds were examined at all 6 landfills (Tedder
1992). Summary statistics for the VOC concentrations are reported in Table 1.2.1.
Additional data are summarized in Table A6 in Appendix A. Tedder (1992) found that 29 of
76 organic compounds were detected in leachate of the landfills examined. The most
commonly detected classes of compounds (based on number of detects) were aromatic
hydrocarbons (benzene, ethylbenzene, o-dichlorobenzene, p-dichlorobenzene, and
toluene), alkanes (1,2-dichloroethane) and phenols (phenol). Also, the aromatic
hydrocarbons and phenols tended to have the widest range in concentration. The average
concentrations of benzene, DCM, pentachlorophenol (PCP), and vinyl chloride were above
the USEPA’s MCL.

Krug and Ham (1995) examined VOC concentrations in leachate from 10 Wisconsin
landfills. Eight of the landfills accepted only MSW or ISW and two of the landfills co-

disposed MSW and HW. VOC concentrations reported by Krug and Ham (1995) are
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summarized in Table 1.2.1. Summary statistics on the frequency of detection and additional

data for VOCs reported are found in Table A7 in Appendix A. The most frequently detected
alkane was 1,1-dichloroethane (9 of 10 landfills). Aromatic compounds were also detected
frequently, with toluene and ethylbenzene being detected in leachates for all 10 landfills and
benzene and xylene being found in leachate from 7 of the landfills.

Rowe (1995) examined leachate characteristics for five landfills in Ontario, Canada
and compared the findings with typical leachate concentrations reported for European and
US landfills. The landfills began operating between 1972 and 1983, and four of the five
were still operational in 1993 when the study by Rowe (1995) began. Two of the landfills
primarily accepted MSW and ISW. The waste stream at the remaining three landfills was not
reported. Ranges of VOC concentrations reported by Rowe (1995) are summarized in
Table 1.2.1. Additional data are in Table A8 in Appendix A. The main classes of
compounds detected in the study by Rowe (1995) were aromatic hydrocarbons, alkanes,
and alkenes, which were detected at all sites examined. An alkane (dichloromethane) was
the most commonly detected compound and the widest range in concentration was
generally exhibited by the aromatic hydrocarbons (e.g. toluene).

Hunt and Dollins (1996) examined leachate quantity and quality data for a 1.8-ha
MSW landfill cell in North Central Texas that was completely isolated from other cells at the
landfill. Sampling for organic compounds took place on 5 separate occasions between June
1995 and June 1996. Compounds detected and the range of concentrations that were
measured are summarized in Table 1.2.1. Additional data are in Table A9 in Appendix A.
Detection frequency was not reported by Hunt and Dollins (1996). The ketone acetone had
the widest range in concentration, which was between 59 and 2100 pg/l. The compounds
that were detected are, aromatic hydrocarbons, alkanes, alkenes, and several chlorinated

hydrocarbons. Fifteen VOCs were detected in the leachate samples of which DCM, 1,1,1-
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TCA, 2-butanone, and carbon disulfide were only detected during one of the sampling

events.

Townsend et al. (2000) and Weber et al. (2002) examined leachate samples from
four 54 m? test cells in Florida containing construction and demolition (C&D) waste.
Analyses were conducted for 52 VOCs and 12 VOCs were detected at least once during
weekly sampling over a period of 161 d. Concentrations of the VOCs that were detected are
summarized in Table 1.2.1. Additional data are summarized in Table A10 in Appendix A.
Two aromatic hydrocarbons (ethylbenzene and toluene) were detected most often (15 and 6
detects, respectively), had maximum concentrations of 10.8 ug/l (ehtylbenzene) and 6.7 pug/l
(toluene), and had the widest range in concentration of all compounds detected. Aromatic
hydrocarbons comprise 83% (10/12) of the compounds detected. Only one semivolatile
organic compound (di-n-butyl phthalate (10.5 ug/l)) was detected in one of the test cells.

Kjeldsen et al. (2002) presents information on the composition of MSW landfill
leachate that is based on data published by others for landfills operated between the early
1960s and 2002 (Kjeldsen et al. 2002). Leachate data are presented for 105 different
organic compounds. Ranges in the concentration of VOCs similar to those found by the
aforementioned investigators and reported by Kjeldsen et al. (2002) are summarized in
Table 1.2.1. Classes of compounds reported by Kjelsden et al. (2002) include aromatic
hydrocarbons, alkanes, alkenes, phenols, alkylphenols, pesticides, phthalates, aromatic
sulfonates, phosphonates, ketones, and several miscellaneous compounds. The most
frequently detected compounds are aromatic hydrocarbons (e.g. benzene, toluene,
ethylbenzene, and xylene) and alkenes (e.g. tetrachloroethene and trichloroethene).

Concentrations of the aromatic hydrocarbons ranged between 0.1 ug/l and 12,300 ug/l, and

concentrations of the alkenes ranged between 0.01 ug/l and 6582 ug/l.
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1.2.2 Synthesis of Data

The data from the studies examined in this paper are summarized in Table 1.2.1.
Most of the data in Table 1.2.1 are from MSW landfills, but some of the landfills for which
data are presented were in operation when fewer restrictions were in place regarding
disposal of hazardous waste in MSW landfills. The aromatic hydrocarbons toluene and
ethylbenzene were the only two compounds reported in all studies. Toluene was detected
above the USEPA’s MCL in 46% of the studies and ethylbenzene was detected above the
USEPA’s MCL in 36% of the studies. Other commonly detected compounds found in most
studies were dichloromethane and benzene (both at 82% of studies); tetrachloroethylene
(PCE), TCE, and vinyl chloride (all three in 73% of studies); and 1,1-dichloroethane, trans-
1,2-dichloroethene, and xylene (total) (all in 64% of studies). The highest concentrations for
these ten compounds generally were from Wisconsin leachates.

Aromatic hydrocarbons, alkanes, and alkenes were detected in all of the studies that
were reviewed. Concentrations of the alkanes and alkenes typically fell between 0.1 and
1,000 pg/l, with the exception of dichloromethane, 1,1,1-trichloroethane, and 1,1,2-
trichloroethane, which ranged between approximately 1.0 and 10,000 ug/l. Concentrations
of the aromatic hydrocarbons also ranged between 0.1 and 1000 ug/l, with the exception of
toluene and benzene, which ranged between approximately 0.1 and 10,000 ug/l. One
common aspect is that the concentration of each VOC varies over a broad range. The
widest range in concentration was for 1,1,1-trichloroethane (between 0.01 and 10,000 pg/l).
However, the lower limit (0.01 pg/l) is from the study by Kjeldsen et al. (2002). This seems
unreasonably low and no discussion about analysis method used was provided by Kjeldsen

et al. (2002). Thus, a more realistic range for 1,1,1-trichloroethane is 0.1 to 10,000 pg/l.
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1.3 DATA SOURCES

Landfill operators in Wisconsin are required to monitor VOC concentrations in
leachate, lysimeters, and groundwater wells at set intervals (monthly, quarterly, bi-annually,
or annually) depending on the type of waste accepted, background concentrations in
groundwater, and monitoring history (Wisconsin Administrative Code Ch. NR 507).
Wisconsin landfills have between 12 and 250 monitoring points (lysimeters, leachate tanks,
leachate collection risers, groundwater monitoring wells, private wells, etc.) where samples
are extracted for environmental monitoring. The samples are generally collected by landfill
personnel or their consultants and are sent to a certified independent laboratory for analysis.
The data are then submitted to WDNR for uploading into the Groundwater Environmental
Monitoring System (GEMS), an Oracle database established in 1979 (Connelly and Stocks
1999). Prior to 1996, analytical data were submitted on preprinted paper forms and were
manually entered into GEMS. Since then, the data have been submitted electronically to
minimize transcription errors and to minimize lag time between data submittal and data
accessibility (Connelly and Stocks 1999). Appendix B contains additional information
pertaining to data accessibility and information contained in GEMS.

GEMS contains data for up to 47 VOCs monitored at each landfill monitoring point.
These VOCs are listed in Table 1.3.1 along with the corresponding WDNR preventative
action limits (PALs), WDNR enforcement standard (ESs), and USEPA maximum
contaminant levels (MCLs). WDNR ESs are generally equivalent to USPEA MCLs for
drinking water. The concentrations established as ESs cannot be exceeded at the point of
compliance (typically 46 m from the limits of waste). PALs are used as an indicator of
potential groundwater problems and typically correspond to 10% to 50% of the ES (based

on the threat a particular contaminant poses to public health or the environment).



Table 1.3.1 VOCs included in GEMS along with preventative action

limits (PALs), WDNR enforcement standards (ESs), and
USEPA maximum contaminant levels (MCLs).

VOCs WDNR PAL|\WDNR ES UfAEEA
Benzene 0.5 5 5
Chloromethane 0.3 3 -
Dichloromethane 0.5 5 5
1.1-dichloroethane 0.7 7 7
1.1.1-trichloroethane 40 200 200
Bromomethane 1 10 -
Naphthalene 8 40 -
1.2-dichloroethane 0.5 5 5
Bromodichloromethane 0.06 0.6 -
Carbon tetrachloride 0.5 5 5
Tribromomethane 0.44 4.4 -
Dibromochloromethane 6 60 -
Chloroform 0.6 6 -
Toluene 200 1000 1000
Chlorobenzene 20 100 100
Chloroethane 80 400 -
Tetrachloroethylene 0.5 5 5
Fluorotrichloromethane 698 3490 -
1.1-dichloroethylene 0.7 7 7
1.1.2-trichloroethane 0.5 5 5
o-dichlorobenzene 60 600 600
1.2-dichloropropane 0.5 5 5
1.2-dichloroethene (trans) 20 100 100
m-dichlorobenzene 125 1250 -
p-dichlorobenzene 15 75 75
Dichlorodifluoromethane 200 1000 -
1.3-dichloropropene 0.02 0.2 -
1.3-dichloropropene (cis) 0.02 0.2 -
1.2-dibromo-3- 0.02 0.2 0.2
Vinyl chloride 0.02 0.2 2
Trichloroethvlene 0.5 5 5
Carbon disulfide 200 1000 -
1.2-dichloroethylene (cis) 7 70 70
Styrene 10 100 100
Xvlene, O- 1000 10000 10000"
Dibromomethane NS NS -
1.2-dibromoethane 0.005 0.05 -
Methvyl tertiary butyl ether 12 60 -
Ethylbenzene 140 700 700
Xvlene, O & P- 1000 10000 10000"
Xvlene, P- 1000 10000 10000"
Xvylene (total) 1000 10000 10000"
Acetone 200 1000 -
Methyl ethyl ketone 90 460 -
Tetrahydrofuran 10 50 -
Xylene, M- 1000 10000 10000"
Xylene, M & P- 1000 10000 10000"

NS = Not Specified

= MCL is based on the total xylenes in the sample

15
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The point of application for a PAL is any location where groundwater is monitored, including

directly beneath a landfil. ESs and PALs provide a point of reference to compare
concentrations found in leachate and lysimeters with regulated quantities. If the
concentration of a groundwater sample exceeds the PAL, WDNR may require installation of
additional groundwater monitoring wells or a change in the monitoring program (frequency
of sampling), to investigate the extent of environmental impacts. WDNR may also require
revisions to operational procedures, a change in the design of the landfill, or probation or
closure of the landfill.

Gas chromatography (GC) using photoionization and gas chromatography/mass
spectrometry (GC/MS), as defined in USEPA SW-846 (US EPAs Test Methods for
Evaluating Solid Wastes Physical/Chemical Methods (1996)), are the most common
analytical methods that have been used for measuring VOC concentrations for the sites in
GEMs. Approximately 90% of the data stored in GEMS, collected prior to 1996, does not
contain information as to the entity responsible for collecting the sample, the laboratory
responsible for analyzing the sample, and the analysis method used. After 1996, all of the
aforementioned missing information is available for approximately 95% of the samples
analyzed.

This study focused on GEMs data pertaining to landfills with clay liners or composite
liners that contained a pan lysimeter. Of the 675 landfills in GEMs, 86 landfills met this
criterion and 34 landfills had detections of at least one VOC, on three or more sampling
occasions, in the lysimeter. A map of Wisconsin describing the geographical location of
each landfill examined is found in Figure 1.3.1. Data from 94 lysimeters (some landfills had
multiple cells, each with a lysimeter) and 54 leachate monitoring points were examined in

this study.
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1.4 RESULTS

Leachate data from 54 cells at 34 landfills were examined to determine the
characteristics of VOCs in leachate from Wisconsin landfills. The particular objectives were
to examine which VOCs were most prevalent, if temporal trends in VOC concentration
existed, if VOC concentrations depended on the type of waste stream, and if VOC
concentrations varied spatially. Overall, there were 5435 VOC detections (defined as
concentration exceeding the limit of detection) in 9794 samples of landfill leachate.

A summary of VOCs detected in leachate is in Fig. 1.4.1. This graph shows the
fraction of sites having at least one detection of a given VOC in the leachate (the number
above each bar is the fraction of sites). Of the 47 VOCs for which analyses are conducted
(summarized in Table 1.3.1), 31 were detected in leachate. Approximately two-thirds (20 of
31) of the VOCs in Fig. 1.4.1 are aromatic hydrocarbons (7 of 31), alkanes (9 of 31), or
alkenes (4 of 31). Other classes of compounds for which VOCs were detected include
ketones, furans, and ethers. The most prevalent compounds are toluene (49 cells),

ethylbenzene (44 cells), and benzene (43 cells). Each of these is an aromatic compound.

1.4.1 General Characteristics

A summary is provided in Table 1.4.1 of the concentrations of VOCs that were
detected; the number of sites with VOC detections; the Wisconsin PALs, Wisconsin ESs,
and USEPA MCLs; the average minimum concentration, average maximum concentration,
and the overall arithmetic mean concentration for all sites with detections, the average
number of detections above the PAL, average number of detections above the ES, and the

average number of detections above the LOD; and the average number of samples
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Table 1.4.1. Average concentrations and number of samples for compounds found in leachate in Wisconsin and the regulated

standards.
Landv?illhcens PAL Es | USEPA Miﬁi\:ﬁﬁm Maé(\i/rghm OX%?” Avg. Avg. | Rangein NuA:q%er Nﬁ‘:ﬁ%er
Parameter Detections in | (ug/L) | (ug/L) MCL Conc. Conc. Conc. Number | - Number Conc. Detects Detects

Leachate (ugll) (ug/L) (ug/L) (ugll) | Detects | Samples | (ugll) | “Sppl >ES

1,1,1-trichloroethane 10 40 200 200 3.0 150 48.8 6.3 19.8 0.7-430 2.3 0.5
1,1-dichloroethane 33 0.7 7 7 2.6 101 31.5 8.0 18.6 0.4-37 1.0 0.0
1,2-dichloroethane 4 0.5 5 5 1.2 12.8 4.3 6.3 26.5 0.1-590 6.0 2.8
1,2-dichloropropane 3 0.5 5 5 2.3 13.0 6.0 5.0 22.3 1.0-21 5.0 2.0
Acetone 31 200 1000 - 540 9830 3430 10.2 13.0 53'0100 7.8 5.2
Benzene 43 0.5 5 5 2.1 13.3 6.2 7.9 16.0 0.1-85 7.6 3.4
Chlorobenzene 9 20 100 100 1.4 8.0 4.1 6.4 19.9 0.4-21 0.1 0.0
Chloroethane 15 80 400 - 3.5 127 36.6 6.2 17.9 0.8-1300 0.4 0.2
Chloromethane 3 0.3 3 - 0.9 10.6 3.7 5.3 13.3 0.3-26 5.0 1.0
1,2-dichloroethylene (cis) 14 7 70 70 2.5 443 17.5 6.1 17.9 0.4-200 3.0 0.4
Dichlorodifluoromethane 5 200 1000 - 1.1 66.2 16.0 7.4 24.8 0.2-140 0.0 0.0
Dichloromethane 34 0.5 5 5 10.0 1210 238 9.4 17.3 0.6-8200 9.4 8.0
Ethylbenzene 44 140 700 700 9.5 89.5 35.9 12.3 16.4 0.1-450 0.5 0.0
Methyl ethyl ketone 27 90 460 - 726 14900 5240 10.2 12.9 72)'(?60 8.4 6.9
Methyl tertiary butyl ether 17 12 60 - 6.0 54.0 25.0 6.5 12.2 0.3-620 21 0.2
Naphthalene 36 8 40 - 3.9 86.2 20.2 11.2 21.8 0.3-62 6.6 1.6
p-dichlorobenzene 29 15 75 75 3.9 31.6 11.4 11.7 20.4 0.5-350 2.0 0.1
Trichloroethylene 15 0.5 5 5 41 36.0 14.7 6.3 19.9 0.5-202 6.3 4.7
Tetrachloroethylene 7 0.5 5 5 1.9 27.0 8.1 8.0 23.1 0.6-79 8.0 4.9
Tetrahydrofuran 32 10 50 - 373 2590 1190 10.8 11.9 133)60 10.6 10.2
Toluene 49 200 | 1000 | 1000 225 535 168 12.8 15.7 P 3.8 0.7

Vinyl chloride 13 0.02 0.2 2 1.6 43.3 12.5 5.2 19.8 0.4-304 5.2 5.2
Xylene (total) 25 1000 10000 10000" 27.8 262 102 12.8 15.7 0.4-2000 0.1 0.0
Xylene, M&P 22 1000 10000 10000" 22.8 222 84.0 10.3 11.3 1.0-1300 0.0 0.0
Xylene, O- 20 1000 10000 10000" 58.2 501 194 10.8 11.0 0.3-8400 0.9 0.0

Styrene 2 10 100 100 0.95 241 10.7 5.5 33.0 0.3-66 0 0

Carbon disulfide 10 200 1000 - 5.97 55.1 15.1 5.8 14.4 0.7-250 0.1 0
Bromomethane 1 1 10 - 0.47 160 324 16 40.0 0.5-160 14 10

1,2-dichlorethylene (trans) 1 20 100 100 21 210 63.4 19 28.0 21-210 19 3

o-dichlorobenzene 2 60 600 600 0.95 241 10.7 5.5 33.0 0.9-44 0 0

Chloroform 2 0.6 6 6 2.34 390 103 5 16.5 0.7-620 5 3

T= MCL based on xylene (total) in sample, PAL = Preventative Action Limit, ES = Enforcement Standard, MCL = Maximum Contaminant Level
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analyzed. Of the 5435 detections, 45% (2457) exceeded the PAL and 26% (1412)

exceeded the ES. Furthermore, some compounds were above one (or both) of the standard
whenever detected. In particular, vinyl chloride was detected during 67 sampling events,
and of those detections, all 67 exceeded the ES. Compounds that exist at or above the
MCL in the leachate of landfils may present a potential source of groundwater

contamination in Wisconsin and other areas.

1.4.1.1 Comparison of VOCs in Leachate at Landfills in Wisconsin and Other Areas

Leachate data from landfills in Wisconsin is compared with the concentration data
reported for landfills in other areas (i.e. compound classes detected, frequency of detection,
and range of concentration). The range of concentrations examined and reported in the
current research and the range of concentration reported in other studies that were reviewed
in Sec. 1.2 are shown in Table 1.4.2. Data in Table 1.4.2 indicate that concentrations of the
aromatic hydrocarbons (e.g., benzene, toluene, ethylbenzene, etc.) typically range between
1 and 100 ug/L, whereas concentrations of the alkanes (e.g., chloromethane, 1,1-
dichloroethane, 1,1,1-trichloroethane, etc.) and alkenes (vinyl chloride, trichloroethylene,
tetrachloroethylene, etc.) typically range between about 5 and 75 pug/L. One exception to
this is dichloromethane (DCM), an alkane, which ranges between approximately 1 and 1500
ug/L. A possible explanation for the broader variation in DCM concentration is that,
compared to 1,1-dichloroethane, tetrachloroethylene, and trichloroethylene, DCM is
commonly found in paint removers, degreasing agents, and solvents disposed in MSW
landfills (Rowe et al. 1997) and thus may be more prevalent in leachate samples. The
upper bound of the DCM concentrations seem to be affected mainly by the Wisconsin

studies (i.e. most of the studies in Wisconsin reported DCM concentration on the order of



Table 1.4.2 Range in concentration of VOCs characteristic of MSW, ISW, C&D landfill leachates and the USEPA MCL.
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Concentration (ug/l)

Gibbson et al.
. (1992) Krug Hunt .
Parameter USEPA Ilf/lrggtirigd Sni:zran Friedman Z;);slt Old New Tedder and Rowe and Townsend KJ:{daslen R:gste This Overall
MCL y) an (1988) | landfills | landfills | (1992) Ham (1995) | Dollins |et al. (2000) N ; Study | Range
(1982) | Didier (1989) (2002) | Studies
(1988) (pre- (post- (1995) (1996)
1985) | 1985)
Acetons - - - - - - - - - - 59- - 60- | 60- | 31 | 3.1-
2100 440 | 2100 | 59000 | 59000
- 221- | 1.1- - - - - 1.0- - - ) - 06- | 06- ) 06
Phenol 5790 | 2170 6090 1200 | 6090 6090
106- | 27.6- 11- ND- 10- | 10- | 06- | 06-
Dichloromethane 5 20000 | 58200 - 6 | 8% | 1390 | g ND | g390 | 170 | 1628 | g57 | 58200 | 8200 | 58200
280- 12- | 36 20- | 27- | 20- 1 1- 01- | 0.1-
Toulene 1000 | 4500 | 11100 | g19 | 4g | 583 | 406 | 570 | 12300 | 7000 | 1987 | 1267 | 42300 | 12300 | 1900 | 12300
510- 3.7- 6.0- 06- | 04- | o01-
1,1-dichloroethane / 6300 - 190 - 400 16| 2112 | 445 - 5.0-20 - 0646 | 5300 | 500 | 6300
1,2-dichloroethylene 96- 3.6- ND- 1.6- 1.6- 1.6-
(trans) 1001 5509 - 310 | 16| 492 | 104 - 558 | 5080 - - 6582 | 6582 | 21210 | 6582
100- 14- [ 17- 48 | 27.1- 02- | 02 | 02 | 02
Ethylbenzene 700 250 | 11680 | 4g0 | 20 | 198 60 | 2393 | 4280 | 1400 | 7020 | 11108 | 5359 | 2339 | 450 | 2329
14.6- 6.6 07- | 07-
Chloroform - 1300 | 4416 | 3432 | 45 - - [ 1021 72 - - - - [ 1300 1 650 | 1300
13- 1 212- | ND- 1 1
1,2-dichloroethane 5 11000 | 10000 - - - - 1.0-4 1 1030 | <86 - - <6 | 11000 | 9437 | 10000
54 01- | 0.1- 0.1-
Diethylphthalate - 43-300 | - - - - - 12.9 - - - - 660 | 660 - 660
0.1- 0.1-
Dibutylphthalate : 12150 | 13-540 | - ; ; ; 10-12 ; ; ; 105 | 0170 | O ; s
1 T4 | 14- 22- | ND- 02 | 02- 01-
Benzene 5 19 | 40000 | 220 | 572 | ©° 7 1130 | 4530 | 590 - - 1630 | 10000 | %185 | 10000
Bromodichloromethane - - 2490 - - - - - - - - - - 2490 - 2490
- 125- 10- - - - - - - - - - 02s | 02 - 02
Butylbenzylphthalate 150 64.1 ) 150 150
Carbon tetrachloride 5 - 3-995 - - - - - - - - - 4.0-9.0 | 3-995 - 3-995
6.0- 01~ | 0.41- 01-
Chiorobenzen 100 ; 3188 | 2358 | - 736 - 1394 | OO ; ; ; o O [ PR R e
Chlorodibromomethane - - 31 - - - - - - - - - 31 - 31
56 15- | 08 | o6
Chlorosthane - 1701 2730 | 23, | - - - | 1565 9410 - 117 - - 730 | 1300 | 1300
1,§-d|ch|oropropene ) ) 25 ) _ ) ) ) ) ) ) ) B 25 } 25
(cis)
- - 16.1- - - - - - - - - - - 16.1- - 16.1-
Di-n-octyl phthalate 542 542 542
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Table 1.4.2 Range in concentration of VOCs characteristic of MSW, ISW, C&D landfill leachates and the USEPA MCL (continued).

Concentration (ug/l)

Gibbson et al.
. (1992) Krug Hunt .
Parameter USEPA E@gﬁrﬁgs asnr('jdg?drz: Friedman Z?;Slt old New Tedder and Rowe and Townsend KJ:{daslen R:gste This Overall
MCL (1988) | landfills | landfills | (1992) Ham (1995) | Dollins |et al. (2000) N X Study | Range
(1982) | (1988) (1089)| 1Fperl | 1andft (o08) (1996 (2002) | Studies
1985) | 1985)
Dibromochloromethane - - 22-160 - - - - - - - - - - 22-160 - 22-160
20 20- | 02- | o0z
Dichlorodifluoromethane | 180 | 100242 | - - - - - 1030 - - - - 1030 | 140 | 1030
95 95
Fluoranthene - - 9.5-723 - - - - - - - - - - 723 - 723
32 1.0- 1.0-
Fluorotrichloromethane - - 1.0-183 1 59 - - - - - - - - - 200 - 200
32- 3.2-
Isophorone ) ) 3.2-520 ) ) ) ) 9.4-28 ) ) ) ) ) 520 ) 520
lospropylbenzene - - 1 - - - - - - - - - - 1 - 1
- - 2100- | 640- - - - - 8.6 - - - 110- | 86 | 18 | 18
Methyl ethyl ketone 37000 | 37000 36000 6600 | 37000 | 70000 | 70000
01- | 0.1- 01-
Naphthalene - 19 4.6-186 - - - - | 4529 - - - 1.2 260 | 260 | 9362 | o6
01- | 05 | 05
p-dichlorobenzene 5 ) 2-250 ) ) ] ) 1-39.8 ) ) ) ) 0.1-16 250 350 350
Pentach|oropheno| 1 3 25 - - - - 63-540 - - - - - 3-540 - 3-540
Styrene 100 - 2 28 - - - ; - - - - 0516 | 05-28 ; 0.5-28
ND- 0.05- | 0.05- 0.05-
Tetrachloroethylene 5 2660 | 1-232 | 14-69 | 28 - - 121 0844 1 5009 - 32 250 | 2000 | %679 | 2000
- - 410- | 270- - - - - - - - - ous0 | & 30- | 30-
Tetrahydrofuran 1400 | 11000 11000 | 19000 | 19000
1,3-dichloropropene ) ) 25 ) ) ) ) ) ) ) ) ) _ 25 ) 25
(trans)
T9- 03 001- | 001- | 07- | 0.01-
1,1 A-trichloroethane 200 2400 | 1-10000 - 45 - - 11-31 | 3510 - 33 - 3810 | 10000 | 430 | 10000
24- | 23 ND- 0.05- | 005 | 05 | 0.05-
Trichloroethylene 5 | 160-600 | 1372 | L5y | 79 51 1 1-1.2 - 230 - - 750 | 750 | 202 | 750
03 | ND- 03 | 04 | 03
Vinyl chloride 2 61 10-3000 | 11-150 | - 107 51 | 11196 | 5570 | 2010 | 1012 - - 5570 | 304 | 5570
25. | 37- 44 10- 08 | 08 | 04 | 04-
Xylene (total) 10000 - 30-2000 | 540 | 38 - - 85.2 | 3010 - 33-38 | 1352 | 3500 | 3010 | 2000 | 3010
15- 05 05 05
1,1,2-trichloroethane S 500 10000 - - - - - 7130 - - - 25-16 | 15000 - 10000




24

10,000 pg/L) and if those studies are excluded the range is nearer to other alkanes (5-75
ug/L). Other classes of compounds are ketones, which range on the order of 1 and 10,000
ug/L and furans which also range on the order of 1 and 10,000 ug/L.

The most frequently detected classes of compound (in descending order in terms of
number of studies with detections) reported in Table 1.4.2, are the aromatic hydrocarbons,
followed by the alkanes, the alkenes, ketones, phenols, phthalates, and furans. The
aromatic hydrocarbons toluene and ethylbenzene were the only two compounds found in all
studies. The most frequently detected classes of VOCs from the current study are the
aromatic hydrocarbons (89% of sites) and the alkanes and alkenes (62% of sites).
Examination of the most frequently detected alkanes, alkenes, and aromatic hydrocarbons
shows that dichloromethane and benzene both were found in 82% of the studies,
tetrachloroethylene (PCE), TCE, and vinyl chloride each were found in 73% of the studies,
and 1,1-dichloroethane, trans-1,2-dichloroethene, and xylene (total) each were found in 64%
of the studies.

The maximum reported VOC concentrations found in leachate in Wisconsin are
compared with the maximum reported concentrations found by other investigators
(maximum concentrations reported in Table 1.4.2). Results from this comparison suggest
that the maximum reported concentration in Wisconsin was 6.4 times higher for
dichloromethane than measured in other reported sites, 14.8 times higher for 1,1-
dichloroethane, 5.1 times higher for benzene, and 1.8 times higher for vinyl chloride. The
widest range in concentration (1.8-70,000 ug/L) was exhibited by a ketone (methyl ethyl
ketone) followed by an alkane (dichloromethane ranged between 1-58,200 ug/L). The

remaining classes of compounds ranged between 1 and 10,000 ug/L. The class of
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compound with the lowest range in concentration was the phthalates which ranged between

0.1 and 650 pg/L.

1.4.1.2 VOCs in Leachate of Landfills in Wisconsin

Typical records of VOC concentration are shown in Fig. 1.4.2 for four compounds
(565 other similar graphs were prepared, one for each compound in each cell; all graphs are
presented in Appendix C). VOC concentration is shown on a logarithmic scale in Fig. 1.4.2
because of the large (orders of magnitude) ranges in concentrations that were encountered.
Elapsed time in Fig. 1.4.2 corresponds to the time since filling began. VOC analyses were
not required in earlier periods for many of these sites. Thus, a gap often exists at the
beginning of the record. Data used to create each of the VOC concentration records is given
in a summary table (Table C.1) in Appendix C.

The Wisconsin ES, Wisconsin PAL, and the highest limit of detection (LOD) that was
reported are shown on Fig. 1.4.2. Concentrations below this LOD (non-detections) were
assigned a “concentration” of 0.01 ug/L, which is at least 5 times lower than the minimum
reported LOD. A different symbol was used for these data points to avoid confusion with
data falling above the LOD. Inclusion of non-detections in graphs of concentration vs.
elapsed time provides a visual record of the sampling history that includes samples with
VOC concentrations above and below the LOD as a function of elapsed time from the date
refuse was first accepted at the site.

The graphs in Fig. 1.4.2 represent four of the major compound classes detected in
leachate in Wisconsin landfills (e.g. aromatic hydrocarbons, alkanes, furans, and ketones)
and illustrate that concentrations can range over an order of magnitude or more in a matter

of 6 months to one year. For example, the concentration of methyl ethyl ketone at Site W
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Figure 1.4.2. Typical concentration record for VOCs along with the LOD, PAL, and ES:
methyl ethyl ketone (a), dichloromethane (b), toluene (c), and tetrahydrofuran

(d).
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varies between 68 and 1000 ug/L between years 9 and 10 (Fig. 1.4.2a) and the

concentration of dichloromethane at Site M varies between 2 and 200 ug/L between years
13 and 14 (Fig. 1.4.2b). Alternatively, the concentration can be relatively stable (e.g.
toluene at Site B and tetrahydrofuran at Site GG, as shown in Fig. 1.4.2c and 1.4.2d). The
data in Fig. 1.4.2 also illustrate that non-detections (open symbols in Fig 1.4.2) occur
periodically, even when VOCs are regularly detected in leachate.

Box plots summarizing the concentration variation of o-xylene and trichloroethylene
on a site-to-site basis are in Fig. 1.4.3. O-xylene (Fig 1.4.3(a)) and trichloroethylene (Fig
1.4.3(b)) were selected because they fall in the two most frequently detected classes (i.e.
aromatic hydrocarbons and alkanes). The median concentration is represented by center
line in each box, the outer extent of the box is defined as the interquartile range, and the
whiskers correspond to the upper or lower quartile plus 1.5 times the interquartile range.
The range in concentration of o-xylene from all sites in Fig 1.4.3(a) is approximately1-4500
ug/L, with the most variation at Site B (75-4500 ng/L). The range in concentration for
trichloroethylene is more stable and is approximately 1-85 ug/L. The variability in
concentration exhibited by o-xylene and trichloroethylene is typical of the variability exhibited
by the VOCs examined. That is, the graphs for these compounds bracket the typical
conditions for the VOCs examined. Three exceptions, which generally vary between
approximately 10-10,000 ug/L, are acetone, methyl ethyl ketone, and tetrahydrofuran.

An analysis of variance (ANOVA) was conducted, with o = 0.05, to determine if VOC
concentrations differed significantly from site-to-site. A statistical inference was made by
comparing the F statistic from the ANOVA to a critical value (F.) corresponding to a
significance level a. If F < F, then the null hypothesis is accepted (differences between the

groups are not statistically significant). Concentrations of each VOC detected were



28

(a) O-Xylene

(7/67) uonesnuaosuo)

L d Z 98NS
l1d D 3lls
L Id ASHS
Lid 1 ®US
Lid d 8IS
L1d M 81S
€1d s
cidrais
Lid Tl S¥s
L3d | 84S

L 1d H®NS
l1d O 8IS
L 1d d 8IS
L 1d O 8¥S
2id d39ls
|l 3d 9 3¥S
cidVals
L dV 8lS

(b) Trichloroethylene

10"

(7/6M) uonesuasuo)

| 3d HH ®)S
L 1d 99 8iS
Lid AS¥S
Z1d O 8IS
ld O3S
L id X 9)S
¢id M 8lS
ld NSNS
Zid S d8lS
L 1d S 8IS
L id H 3¥iS
l1d O ®lS
L d O8NS
l1d g 8s
cidaaus

Figure 1.4.3 Box plots showing the concentration distribution of o-xylene (a) and
trichloroethylene (b) at all sites with detections.
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compared to the concentrations at all other sites (e.g., toluene concentrations from all sites

were compared on a site-by-site basis) to determine if concentration data could be pooled
by compound. A second criterion was added to ensure there was adequate data for
pooling. The second criterion was that VOCs examined were found in at least 10% of the
cells. Analysis following the aforementioned criteria resulted in pooling data from 48-90% of
the sites for the 21 VOCs in Table 1.4.3 (e.g., concentration data for naphthalene was
pooled from 73% of the landfills).

The box plots shown in Fig. 1.4.4 were prepared using the data pooled from all sites
(following the aforementioned criteria for pooling of data). The thick horizontal line
traversing each box represents the MCL for the compound (e.g., the MCL for
dichloromethane is 5 pg/L). Seven compounds (acetone, chloroethane, carbon disulfide,
methyl ethyl ketone, methyl tertiary butyl ether, naphthalene, and tetrahydrofuran) do not
have a MCL defined by USEPA; in these cases the Wisconsin ES is shown. The median
concentrations of 1,1-dichloroethane, dichloromethane, trichloroethylene,
tetrachloroethylene, vinyl chloride, and styrene are above the MCLs (e.g. the median
concentration for trichloroethylene is 8 ug/L and the MCL is 5 ug/L) and the median
concentrations of acetone, methyl ethyl ketone, naphthalene, and tetrahydrofuran exceed
the Wisconsin ES. The classes of compounds that most frequently exceed the MCL or ES
are the alkanes, alkenes, ketones, chlorinated hydrocarbons, and furans. In contrast, the
aromatic hydrocarbons, which are ubiquitous, have median concentrations below the MCL.
Benzene was the only aromatic hydrocarbon that had a median concentration near (14%
below) the MCL.

For nearly all compounds detected in leachate in Wisconsin, a large range in
concentrations (100 to 1000 fold) was encountered in each cell. Possible explanations for

the variability in VOC concentrations may include the following: (1) VOCs escaping the



Table 1.4.3 Results of ANOVA comparing VOC concentrations between landfills.
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Number Number %
No. Landfills with Landfills with Lan_dfiIIs
Landfills VOC . VOC . W|th Degrees F
Parameter with Concentrations | Concentrations | Detections of Statistic Fer
Detections thgt were not t_ha_t were _Included Freedom
Significantly Significantly in Pooled
Different Different Data

1,1,1-trichloroethane 9 8 1 89 7 0.79 2.22
1,1-dichloroethane 24 21 3 88 20 1.58 1.62
Acetone 20 12 8 60 11 1.79 1.85
Benzene 27 14 13 52 13 1.69 1.78
Chlorobenzene 8 6 2 75 5 1.49 2.48
Chloroethane 14 13 1 93 12 0.47 1.89
1,2-dichloroethylene (cis) 13 10 3 77 9 0.87 2.14
Dichloromethane 25 25 0 100 24 1.47 1.55
Ethylbenzene 29 18 11 62 17 1.60 1.66
Methyl ethyl ketone 16 8 8 50 7 1.37 2.09
Methyl tertiary butyl ether 13 13 0 100 12 0.99 1.85
Naphthalene 26 19 7 73 18 1.13 1.65
p-dichlorobenzene 21 16 5 76 15 1.45 1.71
Trichloroethylene 12 10 2 83 9 0.91 2.01
Tetrachloroethylene 6 6 0 100 5 1.69 2.34
Tetrahydrofuran 19 9 10 47 8 1.92 2.01
Toluene 32 18 14 56 17 1.65 1.66
Vinyl chloride 10 10 0 100 9 1.23 2.05
Xylene (total) 15 10 5 67 9 1.70 1.93
Styrene 12 8 4 67 7 1.83 2.25
Carbon disulfide 6 6 0 100 5 0.68 2.39
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Figure 1.4.4 Box plots showing the concentration distribution of the 21 most frequently detected VOCs in leachate from landfills in

Wisconsin and the associated MCL or ES (i.e. thick lines traversing boxes).
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system with out being monitored, which may include migration from landfills in the gaseous

phase, (2) removal by the gas collection system (Cook et al. 1991, Kerfoot 1994, Challa et
al. 1997), and (3) migration through the liner system in the aqueous phase. Another
possible explanation, provided by Kjeldsen et al. (2002), is that the variation in VOC
concentrations may be due, in part, to volatilization or sorption onto the sampling equipment.
However, Parker (1994) indicates that only very poor sampling protocols can seriously
jeopardize leachate analyses for VOCs.

Two additional factors that may affect the concentrations of VOCs in leachate are the
rate of degradation and the aqueous solubility of each compound. That is, lower
concentrations may be associated with VOCs that degrade faster or are less soluble in
water. To assess whether either factor explained the range of VOC concentrations in
leachate, graphs were made comparing leachate concentration to first-order anaerobic
degradation coefficients and aqueous solubilities reported in the literature for each
compound. These graphs are shown in Fig. 1.4.5. The rate coefficients and solubilities that
were used are summarized in Table 1.4.4. Error bars in the x-direction (in Fig 1.4.5 (a))
represent the range in reported rate coefficients (Howard et al. 1991) and error bars in the y-
direction represent the overall average minimum and maximum concentration found in
leachate at landfills in Wisconsin. In general, as the rate coefficient increases the
concentration also increases, which is opposite the expected behavior (i.e. increasing rate
coefficient implies a decreasing half life, faster degradation and an expected decreasing
concentration). The half lives associated with the rate coefficients range from 4 days
(methyl ethyl ketone) to over 14 years (1,2-dichloropropane). In Fig 1.4.5(b) the
concentration range is represented by error bars in the y-direction (as in Fig 1.4.5(a)) and is
plotted versus aqueous solubility. In general, the overall average concentrations range

between 1 and 1000 pg/L regardless of the aqueous solubility. One exception is methyl
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Table 1.4.4 Aqueous solubility and first order rate coefficients for the VOCs found in leachate.

Solubility | . Rate Rate

Compounds Class (mg/l Constant | Constant

9 (days™) | (days™)

Chloromethane Alkanes 4000 | 2.5x10? | 6.2x10°

Dichloromethane Alkanes 20000 | 2.5x107 | 6.2 x107

Chloroform Alkanes 8000 | 9.9x10% | 2.5 x10™

Dichlorodifluoromethane Alkanes 280 6.2 x10° | 1.0 x10°

Chloroethane Alkanes 5740 | 2.5x10% | 6.2 x10°

1,1-dichloroethane Alkanes 5500 | 5.4x10° | 1.1x10°

1,2-dichloroethane Alkanes 8690 | 1.7 x10° | 9.6 x10™

1,1,1-trichloroethane Alkanes 4400 |1.2x10° | 6.3 x10™

1,2-dichloropropane Alkanes 2700 | 1.0x10° | 1.3x10*

Vinyl chloride Alkenes 1100 | 6.2x10° | 9.6 x10™

1,2-dichloroethylene (cis) Alkenes 800 |6.2x10° | 9.6 x10™*

Trichloroethylene (TCE) Alkenes 1100 | 1.8x107 | 4.2 x10™

Tetrachloroethylene (PCE) Alkenes 150 1.8 x10° | 4.2 x10™

Benzene Arenes 2 3
(Aromatic hydrocarbons) 1780 2:5x107 1 6.2x10

Chlorobenzene Arenes 3 3
(Aromatic hydrocarbons) 500 2.5x107 ] 1.2x10

p-dichlorobenzene Arenes 3 4
(Aromatic hydrocarbons) 9 6.2x10 9.6 x10

Toluene Arenes 2 3
(Aromatic hydrocarbons) 515 1.4x107 1 3.3x10

Ethylbenzene Arenes 3 3
(Aromatic hydrocarbons) 152 3.9x107 ] 3.0x10

Xylene O- Arenes 3 3
(Aromatic hydrocarbons) 175 3.9x10™ ] 1.9x10

Xylene M- Arenes 2 3
(Aromatic hydrocarbons) 146 2:5x107 1 1.3x10

Xylene P- Arenes 2 3
(Aromatic hydrocarbons) 198 2.5x107 ] 6.2x10

Naphthalene Arenes 2 3
(Aromatic hydrocarbons) 30 2:8x107 | 2.7x10

Acetone Ketones miscible | 1.7 x10™" | 2.5 x10

Methyl ethyl ketone Ketones 136000 | 1.7 x10" | 2.5 x10”

Methyl tertiary butyl ether Ethers 48000 | 6.2x10° | 9.6 x10*

Tetrahydrofuran Furans miscible

Sources: Howard et al. 1991and Verschueren 1977
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ethyl ketone, which has a concentration range of 700-15,000 ug/L and also has the highest

reported solubility (136,000 mg/L). The range of solubility within each class of compound
was between 30 and 20,000 mg/L (IUPAC-NIST solubility database). The range in solubility
of the aromatic hydrocarbon class was 30-1,780 mg/L compared with a range of 150-20,000
mg/L for halogenated hydrocarbons (alkanes and alkenes). No significant conclusions could
be made relative to solubility, because the range within each class overlapped the range

between classes.

1.4.2 Temporal Analysis

At most landfill sites, monitoring of the leachate collection system was performed
quarterly, biannually, or yearly and generally data are available for 8 to 25 sampling events
per site. Linear regression analyses were conducted on the data from each cell to
determine if statistically significant trends existed in VOC concentration over time (i.e., to
determine if the VOC concentration increased, decreased, or stayed the same). The
analyses were conducted in two ways, with VOC concentration (C) regressed on elapsed
time and the natural logarithm of VOC concentration (InC) regressed on elapsed time.
Analyses were conducted with logarithmically transformed data because InC is more closely
normally distributed than C (an implicit assumption when conducting trend analysis using
linear regression). Samples that were below the LOD were not included in the regression
analysis. In several cases, outliers (defined as a concentration 5 times greater than the
average that does not follow a trend in the data) were excluded.

Significance of the trend was evaluated by determining if the slope of the regression
line was statistically different from zero (if the slope is not different from zero, then the data

do not exhibit temporal trend). Under the null-hypothesis of the slope being zero, the slope
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follows a t-distribution with n-1 degrees of freedom. When the probability of falsely rejecting

the null hypothesis (the p-value) is greater then the significance level a, the slope is
statistically no different from zero and the data have no linear temporal trend (Berthouex and
Brown 2002). For all analyses, o was set at 0.05, which is the significance level most
commonly used in hypothesis tests. Examples of representative trends corresponding to
increasing concentration, no significant trend in concentration, and decreasing concentration
are showed in terms of C in Fig. 1.4.6 and InC in Fig. 1.4.7. P-dichlorobenzene was chosen
for creating Figs. 1.4.6 and 1.4.7 because p-dichlorobenzene had the highest percentage of
detections exhibiting all three trends (increasing trend-10%, decreasing trend-14%, and no
significant trend-76%) for both C and InC.

Results of the regression analyses are summarized in Table 1.4.5. Most of the
regression analyses (72% based on C and 70% based on InC) showed no significant trend
in C or InC. Of the cases where the trend in C was significant, 17 of 569 (3%) had an
increasing trend and 141 of 569 (25%) had a decreasing trend. When the analyses were
based on InC, 15 of 569 (2.6%) had an increasing trend and 169 of 569 (30%) had a
decreasing trend (regression based on InC resulted in approximately 5% more sites with a
statistically significant trend than regression based on C).

When results of the C and InC regression analyses conflicted, an additional
examination was conducted. This involved examining the conflicting data to determine if
any of the concentration data were “near” outliers (i.e. near 5 times the average
concentration, but not defined as an outlier), or if there was a particularly wide range in VOC
concentration. These examinations suggested that approximately 53% of the conflicting
regression analyses resulted in a statistically significant trend based on InC, but resulted in
no significant trend based on the C. Of the conflicting analyses examined, 25% had a

concentration from a sampling event that was near the definition of an outlier, but was within
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Figure 1.4.6. Data for showing an increasing trend (a), no trend (b), or a decreasing trend (c)
for p-dichlorobenzene using C.
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Figure 1.4.7 Data for showing an increasing trend (a), no trend (b), or a decreasing trend (c)

for p-dichlorobenzene using InC.
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Table 1.4.5. Results from regression analysis for all compounds detected in leachate at

landfills in Wisconsin.

Analysis Based on C

Analysis Based on In C

Landfill
Cells ‘{"ith Number Number Number Number Number Number
Parameter Detections| sites With |  Sites | Sites With | Sites With | Sites | Sites With
n Increasing | With No |Decreasing | Increasing | with No | Decreasing
Leachate |  Treng Trend Trend Trend Trend Trend
1,1,1-trichloroethane 10 0 8 2 0 7 3
1,1-dichloroethane 33 0 17 16 0 15 18
1,2-dichloroethane 4 0 4 0 0 4 0
1,2-dichloropropane 3 0 2 1 0 2 1
Acetone 31 1 25 5 1 25 5
Benzene 43 0 34 9 0 35 8
Chlorobenzene 9 1 7 1 1 7 1
Chloroethane 15 0 13 2 0 13 2
Chloromethane 3 0 3 0 0 3 0
1,2-dichloroethylene (cis) 14 0 12 2 0 11 3
Dichlorodifluoromethane 5 0 5 0 0 5 0
Dichloromethane 34 0 20 14 0 18 16
Ethylbenzene 44 3 7 34 3 7 34
Methyl ethyl ketone 27 0 23 4 1 21 5
Methyl tertiary butyl ether 17 1 15 1 0 16 1
Naphthalene 36 2 29 5 2 30 4
p-dichlorobenzene 29 3 22 4 3 22 4
Trichloroethylene 15 0 12 3 0 12 3
Tetrachloroethylene 7 0 6 1 0 6 1
Tetrahydrofuran 32 3 24 5 2 24 6
Toluene 49 0 32 17 0 31 18
Vinyl chloride 13 0 13 0 0 10 3
Xylene (total) 25 0 18 7 0 19 6
Xylene, M&P 22 1 18 3 1 18 3
Xylene, O 20 1 15 4 1 14 5
Styrene 13 0 12 1 0 12 1
Carbon disulfide 10 0 10 0 0 10 0
Bromomethane 1 0 1 0 0 1 0
zt}i-r:isl’c):hloroethylene 1 0 0 1 0 0 1
o-dichlorobenzene 2 1 1 0 0 2 0
Chloroform 2 0 2 0 0 1 1
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4 times the average and thus was included. However, these “near” outliers appeared to

control the trend. Finally, 22% of the conflicting analyses were found to have concentrations
that ranged over two to three orders of magnitude from different sampling events at a single
site. Overall, when the concentration data with high variability or “near” outliers were
logarithmically transformed, more trends (increasing or decreasing) were statistically
significant.

Examination of the aromatic hydrocarbons (e.g. toluene, ethylbenzene, benzene,
naphthalene, and xylenes) from all sites suggests that these compounds tend to exhibit
decreasing trends more frequently (79 of 569) when compared with the alkanes (e.g.,
dichloromethane or 1,1,1-trichloroethane) and the alkenes (e.g., tetrachloroethylene and
trichloroethylene), of which had 44 of 569 analyses showed decreasing trends (based on C).
Examination of the increasing trends suggests similar results in that the aromatic
hydrocarbons exhibit increasing trends more frequently than the alkenes and alkanes (i.e. of
the 569 regression analyses based on C, 10 were statistically significant increasing trends
for aromatic hydrocarbons compared to no statistically significant increasing trends for

halogenated hydrocarbons).

1.4.3 Effect of Waste Stream

Data were examined to determine the type of waste accepted at each site. The
number of compounds detected, range in VOC concentration (max and min), number of
detections above the ES, and type of waste stream are summarized in Table 1.4.6. Two
categories of waste stream were considered: MSW (19 landfills) and co-disposal of MSW
and ISW (noted henceforth as MSW-ISW, 15 landfills). Data for each VOC were pooled into

two groups for the analysis: MSW and MSW-ISW. An analysis of variance (ANOVA) was



Table 1.4.6 VOC summary statistics and waste stream accepted at landfills in Wisconsin.
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e Number of Number of Min Max
Landf|IIl8|tes VOCs Waste Stream VOQ VOC VOC
Examined Detections Conc. Conc.
detected
> ES (mg/l) (mg/l)
Site A 8 MSW 3 0.3 120
Site B 25 MSW 265 0.4 53000
Site C 15 MSW 7 0.3 298
Site D 9 MSW 19 0.47 15000
Site E 14 MSW 41 0.69 5040
Site F 1 MSW-ISW 0 0.12 11
Site G 14 MSW 11 0.47 724
Site H 13 MSW 24 1.2 7700
Site | 13 MSW-ISW 9 1 900
Site J 15 MSW 52 0.83 2800
Site K 14 MSW 4 0.6 382
Site L 5 MSW-ISW 0 0.1 250
Site M 10 MSW-ISW 22 0.96 3100
Site N 1 MSW 14 0.26 760
Site O 11 MSW 21 1 2400
Site P 15 MSW-ISW 28 0.5 37000
Site Q 21 MSW 142 0.8 26000
Site R 2 MSW-ISW 0 54 410
Site S 17 MSW-ISW 117 0.7 28000
Site T 8 MSW 4 0.33 450
Site U 20 MSW 61 0.6 25000
Site V 1 MSW-ISW 13 3.2 540
Site W 16 MSW 93 0.3 8900
Site X 15 MSW 38 0.82 2450
Site Y 9 MSW-ISW 16 1.1 3400
Site Z 16 MSW 37 1.5 11900
Site AA 14 MSW-ISW 28 0.14 1100
Site BB 6 MSW-ISW 10 0.58 820
Site CC 6 MSW 64 32 70000
Site DD 14 MSW-ISW 25 0.1 523.5
Site EE 2 MSW-ISW 0 1.5 190
Site FF 9 MSW-ISW 12 1 2000
Site GG 16 MSW-ISW 81 0.31 16000
Site HH 15 MSW 77 1.8 34000

MSW = Municipal Solid Waste and ISW = Industrial Solid Waste
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conducted to determine if (1) the number of VOCs detected and (2) the concentration of

VOCs differed depending on the type of waste stream at each landfill.

Results of the ANOVA comparing the number of VOCs detected suggest that a
significant difference exists between the number of VOCs detected at MSW and MSW-ISW
sites. MSW sites had 14 VOCs detected in leachate, on average, compared to 9.6 VOCs
detected at the MSW-ISW sites on average. The F statistic associated with this ANOVA
was 6.49 and F = 4.15. Thus, the null hypothesis was rejected and there is a significant
difference in the number of VOCs detected at MSW versus MSW-ISW landfills.

Results of the ANOVA comparing VOC concentrations with type of waste stream are
summarized in Table 1.4.7. For this analysis, only VOCs that were detected in at least 10%
of the leachate samples were examined (21 VOCs were included in the analysis).
Significantly different concentrations exist for 13 of the 21 VOCs. For the 13 compounds
with significantly different concentrations, higher average concentrations were in the MSW
leachates and 6 of the 13 VOCs were aromatic hydrocarbons. The remaining 7 of 13 VOC
were alkanes, alkenes, ketones, and furans.

The results of the ANOVA are consistent with general characteristics of the data set.
For example, the three sites with the greatest number of VOCs in the leachate (Site B-25
detections, Site Q-21 detections, and Site U-20 detections) were MSW sites. Two of these
three sites also had the greatest number of VOC concentrations above the MCL (Site B-265,
Site Q-142). Additionally, 9 MSW sites had 15 or more VOCs detected, whereas only 3
MSW-ISW sites had 15 or more VOCs detected. VOC concentrations for the MSW sites

ranged between 0.3-70,000 ug/L, compared to 0.1-37,000 pug/L for the MSW-ISW sites.
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Table 1.4.7 Summary of results from analysis of variance (ANOVAs) comparing average
VOC concentrations from landfills accepting MSW and landfills accepting MSW
and ISW. Numbers in parentheses are the number of detections used in
calculating the average concentration.

Average Concentration

Statistically Significant

(ng/L) Difference In
Compound F Fer Concentration
MSW MSW-ISW Between Waste
Stream
1,1,1-trichloroethane 63 (48) 28 (15) 1.94 3.99 No
1,1-dichloroethane 50 (174) 19 (95) 11.60 3.88 Yes
Acetone 5200 (246) 620 (73) 22.80 3.87 Yes
Benzene 9.2 (219) 3.9 (125) 24.20 3.87 Yes
Carbon disulfide 12 (31) 23 (27) 1.12 4.01 No
Chlorobenzene 2.8 (43) 5.7 (20) 9.89 3.99 Yes
Chloroethane 54 (70) 15 (23) 0.95 3.94 No
1,2-dichloroethylene (cis) 24 (63) 7.1(22) 4.39 3.95 Yes
Dichloromethane 400 (234) 83 (86) 11.60 3.87 Yes
Ethylbenzene 42 (349) 32 (196) 7.22 3.86 Yes
Methyl ethyl ketone 7500 (189) | 3800 (86) 6.81 3.88 Yes
Methyl tertiary butyl ether 23 (84) 10 (30) 0.85 3.92 No
Naphthalene 32 (262) 20 (142) 1.64 3.86 No
p-dichlorobenzene 16 (225) 8.9 (123) 4.64 3.87 Yes
Styrene 14 (63) 14 (15) 0.01 3.97 No
Trichloroethylene 16 (84) 5.9 (10) 1.69 3.95 No
Tetrachloroethylene 11 (44) ND - - Yes
Tetrahydrofuran 1300 (223) | 890 (132) 5.61 3.87 Yes
Toluene 230 (414) 120 (228) 20.70 3.86 Yes
Vinyl chloride 15 (41) 12 (26) 0.10 3.99 No
Xylene (total) 110 (195) 74 (113) 4.41 3.87 Yes




44
1.4.4 Effect of Location

ANOVAs were conducted with o = 0.05 to determine if the number of VOCs and the
concentration of VOCs in landfill leachate varies spatially within Wisconsin. The landfills
were divided into the 5 regions defined by the regional offices of the WDNR. Locations of
the landfills and the boundaries of the regions are shown in Fig. 1.3.1. The analyses were
constrained to VOCs detected in at least 10% of the landfill cells.

The ANOVA comparing the number of VOCs detected between regions resulted in F
> F,, (i.e. 3.00 > 2.70). The null hypothesis is that there is no significant difference between
sites, but since F > F the null hypothesis is rejected. The number of VOCs differed
significantly between the southeast region and the remaining regions. Landfills in the
southeast region, which consisted of 3 sites, had an average of 20.3 VOCs in their leachate,
whereas the remaining regions had averages of 9.6 to 13.6 (southern region-9.6, northern
region-11.5, central region-12.9, and northeast region-13.6) VOCs in their leachate. The
southeast region is more industrial than the other regions, and this may play a role in the
increased number of detections.

ANOVAs were conducted on the data for each of the aforementioned 21 compounds
at each site within each of the 5 regions to determine if the data could be pooled by region.
Results of these ANOVAs are summarized in Table 1.4.8. Each region averaged between
2.5 and 4.6 sites with detections of VOCs. Overall, 78% of the sites were not significantly
different. That is, on average, data from approximately 3 out of 4 sites were pooled and
used in a second ANOVA to determine if the concentration of each VOC varied significantly
between regions. When exclusion of data within a region due to significant differences
resulted in no data for a region, the ANOVA was performed without consideration of the

region with no data.
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Table 1.4.8 Analysis of variance (ANOVA) results from comparing VOC concentrations between sites within each of the five
regions in Wisconsin and the number of pooled sites.

Northern Region

Northeast Region

Central Region

Southeast Region

Southern Region

Compound  fSites| F | Fu | "% sies| F | Fu [P sites | F | R [20°0 Isies | F | R |Po%dsies | F | R, |POOC
11 A-trichloroethane | 2 | 0118 |484| 2 | 1 | NA | NA| 1 | 1 | NA [ NA| 1 | 2 [107| 43| 1 | 3 | 374 | 389 3
11-dichlorosthane | 4 | 323 |289| 3 | 4 | 178 |28 | 4 | 8 |0717 |245| 8 | 3 |142|311| 2 | 5 | 433 |271| 4
Acetone 3| 247 |329| 3 | 4 | 861 |271| 2 | 4 | 335 |277| 3 | 3 |122|312| 1 | 6 | 884 |238| 5
Benzene 5| 29 |259| 3 | 4 | 138 |275| 3 | 9 | 317 |203| 7 | 3 |537|313| 2 | 6 | 655 |243| 4
Carbon disulfide 0| NA [ NA| NA | 2 | o871 |[475| 2 | 2 |04153 [421| 2 | 1 | NA|NA| 1 | 1 | NA | NA | 1
Chiorobenzene 2 | 117 | 445 1 1 | NA | NA| 1 | 2 [ 175 [532] 2 | 1 | NA|NA| 1 | 2 |0133|532] 2
Chioroethane 4| 212 [316| 4 | 2 | 0237 [559| 2 | 2 | 0359 | 46 | 2 | 2 |103|425| 1 | 4 |0255|324| 4
gc*izs')di‘:h'omethy'e”e 1] NA | NA | 1 4 | 0689 |324| 4 | 5 | 158 |301| 5 2 | 112|418 1 1 NA | NA| 1
Dichloromethane 30611 |324| 3 | 4 | 0579 |275| 4 | 8 | 225 | 22 | 7 | 2 |557|398| 1 | 8 | 125 |213| 8
Ethylbenzene 5| 387 |251| 3 | 4 | 507 |269| 3 | 9 | 153 |198| 5 | 3 |877|309| 2 | 8 | 113 |212| 5
Methyl ethyl ketone | 2 | 268 | 438 | 2 | 4 | 774 |272| 2 | 4 | 147 [277] 4 | 8 |[172]3813| 2 | 3 | 749 [329] 1
vetwlterary bul 1 5 | 409 [532| 2 | 3 | 0578 [320| 3 | 3 | 786 |359| 2 1 | NA| NA| 1 | 4 | 268 |203| 4
Naphthalene 5|79 |264| 4 | 5 | 607 |246| 3 | 8 | 198 |209| 8 | 3 |221|314| 3 | 5 | 348 | 253| 3
o-dichlorobenzene | 3 | 453 | 335 | 2 | 4 | 175 |273| 4 | 7 | 214 |247| 7 | 3 |432|315| 1 | 4 | 183 |291| 4
Styrene 1] NA | NA | 1 1 | NA |[NA| 1 | 5 | 151 |284| 5 | 3 |144|347| 2 | 2 | 114 | 598 | 2
Trichloroethylene 40502 |312| 4 | 2 | 0206 |449| 2 | 2 | 0054 |598| 2 | 3 |673|324| 2 | 1 | NA | NA | 1
Tetrachloroethylene | 2 | 0814 | 532| 2 | 1 | NA | NA| 1 | 0 | NA [ NA| 0 | 3 |216[325| 3 | 0 | NA | NA| O
Tetrahydrofuran 2002 |428| 2 | 4 | 329 |269| 1 | 4 | 195 |271| 4 | 3 |108|315| 2 | 6 | 352 | 235| 2
Toluene 6| 753 |231| 3 | 5 | 804 |244| 3 | 10 | 227 |193| 8 | 3 |687|307| 2 | 8 | 461 |212| 5
Vinyl chloride 1] NA | NA | 1 3 | 0919 |388| 3 | 3 | 094 |352| 3 | 2 |286|445| 2 | 1 | NA | NA | 1
Xylene (total) 4| 489 |295| 3 | 4 | 139 |269| 2 | 2 | 0905|401 2 | 3 |119|311| 1 | 3 | 319 |333| 3

NA = Not Applicable
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Results of the ANOVA comparing concentrations between regions are summarized in

Table 1.4.9. A significant difference in VOC concentrations between regions was obtained
for 14 of 21 (67%) of the VOCs in the analysis. Of the 14 VOCs for which the concentration
varied significantly between regions, 7 were aromatic hydrocarbons, 4 were alkanes or
alkenes, 2 were ketones, and 1 was a furan. Twelve of the 14 analyses suggested that the
highest average concentrations were from landfills in the south (4 of 14) or southeast (8

of14) region.

1.5 SUMMARY

Concentrations of 47 VOCs in leachate from municipal solid waste (MSW) and
industrial solid waste (ISW) landfills were characterized using data from 54 cells located at
34 engineered landfills. The data were examined to identify the prevalence of compounds,
the average concentration and range of concentration for each compound, and temporal
trends in concentration (i.e., whether the concentration was increasing, decreasing, or
remaining the same over time). Analyses were also conducted to determine if the number
of detections and the concentrations of VOCs varied regionally or by the type of waste
stream.

Of the 47 VOCs monitored, 31 were detected in the leachate samples at the sites
examined. Approximately two-thirds (20 of 31) of these VOCs were aromatic hydrocarbons
(7 of 31), alkanes (9 of 31), or alkenes (4 of 31). The alkanes and alkenes typically were
halogenated hydrocarbons. Furans, ethers, and ketones were also detected. The most
prevalent are the aromatic compounds toluene, ethylbenzene, and benzene (detected in at
least 78% or 42 of the cells). The alkanes and alkenes dichloromethane and 1,1-

dichloroe