
172774 Fate OT voiaiie
Organic Chemicals (VOCs) in
Unsaturated Soil Surrounding
a Drainfield in a Soil...





a

I

I

A thesis submitted in partial fulfillment of the

requirements for the degree of

Master of Science

(Soil Science)

at the

UNIVERSITY OF WISCONSIN-MADISON

1991

by

PATRICIA ANN SAUER

id

Water Resources Center
University of Wisconsin- MSN

1975 Willow Drive
Madison, WI 53706

FATE OF VOLATILE ORGANIC CHEMICALS (VOCs)

IN UNSATURATED SOIL SURROUNDING A DRAINFIELD

IN A SOIL ABSORPTION SYSTEM



ii

DEDICATION

"And God opened her eyes, and she saw a well of water,
and she went, and filled the bottle with water, and
gave the lad a drink."

Genesis 21:19

This thesis is dedicated to all women and men who have pursued

careers not only in water resources management but in all of the

environmental sciences.



iii

ACKNOWLEDGMENTS

I would first like to offer special thanks to Jerry Tyler for

his continuous support and guidance throughout my studies and re-

search. Also, I acknowledge the other members of my graduate com-

mittee- -Sam Kung, Jaya Iyer, and Jim Peterson--for their guidance

during my research. Special thanks to Tom Morgan and Kris Lund for

their analytical work and Hal Bohne for constructing the stain-

less-steel container used in my research. The assistance of Scott

Bowe, Cheryl Weisz, and Pete Kling is gratefully acknowledged.

The financial assistance provided by the Small Scale Waste

Management Project and the Wisconsin~Department of Natural

Resources is gratefully appreciated.

I appreciate the assistance of Laurie Stockmeier, Dave Edwards,

and Jim Knapp at Hazleton Laboratory, and Terry Burk and Jonnel

Hecker at the Occupational Health Lab. Acknowledgment is extended

to Dave Degenhardt at the State Laboratory of Hygiene for analyzing

split samples. The diverse assistance of Kevin Fermanich, Briani

Girard, Chris Johnson, Rick Wietersen, and others is likewise

recognized.

I also wish to thank Terri Kraak, Joyce Alt, and Sheri Speth

for their time and assistance. Special recognition is given to

Carol Duffy for typing this manuscript, along with other projects.

I am very grateful for the support given to me by family and

Sfriends. Most importantly, I extend very special thanks to my hs

~band, Tom, for his continuous support, guidance, and friendship.



iv

TABLE OF CONTENTS
PAGE

DEDICATION.................ii

ACKNOWLEDGMENTS ................................................iii

TABLE OF CONTENTS .............................................. iv

LIST OF FIGURES.............................................. vi

LIST OF TABLES ................................................viii

CHAPTER 1. INTRODUCTION AND OBJECTIVES ........................ 1

Introduction .................................................... 1
Objectives ....................................................... 3

CHAPTER 2. LITERATURE REVIEW .................................. 6

Potential Sources of VOCs in Onsite Wastewater
Infiltration Systems......................................6

VOCs in Onsite Wastewater Infiltration Systems ................ 10

VOCs in Septic Tanks and Land Disposal Wastewater
Systems .... ............................................. .10

VOC Contamination in the Unsaturated Zone and
Groundwater Beneath Onsite Wastewater Infiltra-
tion Systems .... ........................................ 20

The Behavior of VOCs in the Unsaturated Zone .................. 24

Chemical Characteristics ................................... 24
Physical Characteristics8................................ 28
Biological Processes ....................................... 34

Transport and Fate of VOCs in Unsaturated Soil................ 38

Literature Cited .............................................. .40

CHAPTER 3. A Soil Absorption System Model for Laboratory
Studies of VOCs in Unsaturated Soil ............... 44

Abstract. .................................................... 44

Introduction .. . . . . . . . . . . . . . . . . . . . . . .. 4



V

TABLE OF CONTENTS (continued)

PAGE

Materials and Methods. ....................................... 46

System Design and Construction ............................ 46
System Operation5.........................................56
Sampling and Analytical Procedures ........................ 59

Results and Discussion ................. . ................... 61

Septic Tank Effluent, Tapwater, and Septic Tank
Effluent Leachate Characteristics ...................... 61

Bromides .................................................... 65
Soil Moisture Tension ...... ........................... 67

Conclusions .................................................. 72

Literature Cited. ............................................ 74

CHAPTER 4. Fate of Volatile Organic Chemicals (VOCs)
Above and Below a Drainfield ...................... 76

Abstract ......................................................... 76

Introduction .................................................... 77

Materials and Methods8............ . . . . 80

Sampling Procedures. ..................................... 88
Soil Gas Sampling and Analysis ......................... 88
Gas Sampling and Analysis Above the Soil Surface ..... 91
Soil Leachate Sampling and Analysis .................. . 92
Soil Samples-..........- 93

Results and Discussion4.....94

Soil Gas ................................................... 94
Gas Above Soil Surface0..................................100
Leachate....................................................103
Soil Samples .................................................110
Mass Balance%. .

Conclusions.................................................... 115

Literature Cited.........................118

APPENDIX A.................................................... 121



vi

LIST OF FIGURES

CHAPTER 1:

Figure 1.

CHAPTER 3:

Figure 1.

Figure 2.

Figure

Figure

3.

4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

CHAPTER 4:

Figure 1.

Figure 2.

Figure 3.

Onsite wastewater infiltration system with
septic tank and drainfield.......................

Cross-section of a soil absorption system
in a stainless-steel container...................

Model vacuum system used with model soil
absorption system................................

Soil gas sampler.................................

Soil gas sampler locations and distances
from drainfield..................................

Bromide in leachate in days after addition for
20 mg/L tapwater and effluent experiments........

Bromide breakthrough curves for tapwater and
effluent experiments.............................

Soil tensions for the 20 mg/L VOC tapwater
experiment.......................................

Average soil tensions in kPa for all experi-
ments............................................

Soil tensions in kPa for soil samples col-
lected near each tensiometer ...................

Cross-section of a soil absorption system in
a stainless-steel container......................

VOC concentration in soil gas in days after
addition to sampler 3 for the 20 mg/L VOC
tapwter experiment...............................

Maximum VOC soil gas concentrations for the
20 mg/L VOC tapwater experiment..................

PAGE

49

52

52

55

66

66

68

70

70

81

96

97



Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

LIST OF FIGURES (continued)

Maximum VOC soil gas concentrations for the
20 mg/L VOC experiment..........................

Maximum VOC soil gas concentrations for the
40 mg/L tapwater experiment......................

Maximum VOC soil gas concentrations for the
40 mg/L effluent experiment......................

VOCs in gas above soil surface in days after
addition for the 20 mg/L VOC tapwater and
effluent experiments.............................

VOCs in gas above soil surface in days after
addition for the 40 mg/L tapwater experiment ....

VOCs in leachate for 20 mg/L tapwater and
effluent experiments.............................

VOCs in leachate in days"after addition for the
40 mg/L tapwater and effluent experiments........

Bromide in leachate in days after addition for
20 mg/L tapwater and effluent experiments........

VOCs in leachate-line in days after addition

for 20 mg/L tapwater and effluent experiments ...

Mass balance for the 20 mg/L VOC tapwater
experiment........................................

Mass balance for the 20 mg/L VOC effluent
experiment.......................................

Mass balance for the 40 mg/L VOC tapwater
experiment.......................................

Mass balance for the 40 mg/L VOC effluent
experiment.......................................

vii

PAGE

97

98

98

101

101

104

104

106

106

112

112

113

113



viii

LIST OF TABLES
PAGE

CHAPTER 2:

Table 1. Organic compounds commonly found in household
products and predicted organic priority pollu-
tants in household wastewater (Hathaway, 1980) .... 8

Table 2. Maximum concentrations and frequency of detec-

tion of selected VOCs in septic tank effluent
samples (Greer, 1987) ................................ 16

Table 3. Chemical properties of selected VOCs at 20 to
25°C (Mackay and Shiu, 1990) ...................... 26

Table 4. Physical properties of selective VOCs (Mackay and
Shiu, 1990)........................................ 30

CHAPTER 3:

Table 1. Equipment and materials used for the construc-
tion and operation of the model and manufac-
turers/vendors ....... ,...............................47

Table 2. Means and standard deviations of wastewater
characteristics for tapwater leachate, septic
tank effluent, and septic tank effluent
leachate .... ......................................... 62

CHAPTER 4:

Table 1. Characteristics of toluene, chloroform, and
l,l,l-trichloroethane ............................. -85

Table 2. Tapwater and effluent VOC solution concentra-
tions ....... ......................................... .87

Table 3. Sampling procedures and locations used during
the study ........................................... 89

Table 4. Maximum concentrations of VOCs detected in
leachate ... .......................................... 108



CHAPTER 1

INTRODUCTION AND OBJECTIVES

Onsite wastewater infiltration systems are utilized in rural,

unsewered areas for the disposal of wastewater from single and

multiple-family homes, small communities, and businesses. In

Wisconsin, there are approximately 750,000 onsite systems.

The onsite wastewater infiltration system consists of a septic

tank and a drainfield (soil absorption system) as shown in Figure

1. Wastes are partially decomposed anaerobically in the septic

tank. Some solids settle out of the wastewater and remain as

sludge in the bottom of the tank, while some float as scum. The

effluent from the tank is discharged to a gravel-filled bed or

trench in the drainfield. The biological mat that develops at the

soil infiltration surface serves to further degrade the waste-

water. The soil beneath the drainfield serves as the final treat-

ment medium prior to discharge to groundwater beneath the site.-

Wastewater infiltration systems represent a significant source

of groundwater pollution (Miller and Scalf, 1974; Canter and Knox,

1984). Included as probable pollutants are volatile organic chem-

icals (VOCs). VOCs are groups of organic compounds characterized

by high vapor pressures and fairly low solubilities in water.

SThey include chemicals such as toluene, chloroform, and 1,,1-tr-

i ..... chioroethane. The sources of VOCs in residential systems are
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Figure 1. Onsite wastewater infiltration system
with septic tank and drainfield.



household products such as disinfectants, cleaners, paint

thinners, and gasoline (Hathaway, 1980).

The increased utilization of household products that contain

VOCs increases the potential for negative impacts of wastewater

infiltration systems on the soil and groundwater beneath 
these

sites. There is relatively little information regarding VOCs in

septic tanks, and there was no information found regarding VOCs in

the unsaturated soil surrounding the drainfield in a 
soil

absorption system. This research project was conducted in res-

ponse to the lack of this type of essential information.

OBJECTIVES

The primary objective of this study was to determine 
the fate

of toluene, chloroform, and I,i,l-trichloroethane in unsaturated

Plainfield sand in a soil absorption system. Several goals were

identified in order to achieve the primary objective:

1. To monitor VOC concentrations in soil gases above and to

the sides of the drainfield and in gas above the 
soil

surface;

2. To determine VOC transport 95 cm (approximately 3 
feet)

beneath the drainfield to what could potentially be 
a water

table;

3. To determine a difference in the fate of VOCs added to a

drainfield dosed with tapwater or septic tank effluent; and



4. To compare the movement of water and VOCs through a soil

absorption system.

A secondary objective was to design and operate a laboratory

model of a soil absorption system that simulates an in-situ sys-

tem. Several goals were identified in order to achieve this

secondary objective:

1. To monitor tapwater and septic tank effluent quality and

compare it to septic tank effluent leachate and tapwater

leachate collected 95 cm beneath the drainfield;

2. To monitor bromide movement through the soil absorption

system and relate it to water movement; and

3. To monitor soil tensions above, below, and to the sides of

the drainfield.

It is anticipated that the information obtained from this

study will be used by the Wisconsin Departments of Natural

Resources and Industry, Labor and Human Relations. This infor-

mation will be used in developing programs for the proper disposal

of household products and management of onsite wastewater infil-

tration systems with regard to VOCs.

The following report is divided into three sections. The

first portion is the literature review, in which the following

topics are discussed: potential sources of VOCs in onsite

systems; VOCs in onsite systems; and the behavior of VOCs in the

unsaturated zone. The second and third portions of this report
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will describe the design and operation of a laboratory model of a

soil absorption system and the fate of VOCs in the model.



CHAPTER 2

LITERATURE REVIEW

Potential Sources of VOCs in Onsite

Wastewater Infiltration Systems

Despite the widespread and numerous distribution of onsite

wastewater systems in the United States, there is relatively

little published information on sources, occurrence, and fate of

VOCs in these systems. Until recently, most studies focused on

the "conventional" wastewater parameters such as bacteria, patho-

genic organisms, chlorides, nitrates, and nutrients. Emphasis was

not placed on complex organic chemicals such as VOCs (Ridgley et

al., 1982).

VOCs in residential systems originate from many sources. They

are contained in household products such as: cleaners, paints,

automobile and appliance supplies, and also septic tank cleaning

solvents (Braeb and Mlay, 1986).

Many organic contaminants found in household products are

listed as priority pollutants. Priority pollutants, as defined by

U.S. Environmental Protection Agency (USEPA), are substances found

to be a threat to human health. These substances may ultimately

impact unsaturated soil and groundwater. Table 1 in Appendix A

lists selected USEPA Priority Pollutants and USEPA Toxicity

Levels, Wisconsin Drinking Water and Groundwater Standards for

these VOCs and heavy metals. Table 2 in Appendix A lists



toxicity data and health hazards for many of these priority

pollutants.

Hathaway et al. (1980) attempted to predict products used in

the typical American household that are included as USEPA priority

pollutants. They collected information from chemical reference

literature and chemical data bases. Thirteen major categories

were identified as sources of organic priority pollutants. These

categories include: cleaners, cosmetics, deodorizers, disinfec-

tants, house and garden pesticides, laundry products, ointments,

paint and paint products, photographic products, polish, preser-

vatives, soaps, and medicines.

To categorize consumer products, household events generating

wastewater were divided into separate sources, which include:

toilet flush, garbage disposal, kitchen sink, automatic dish-

washing, laundry waste, bath and shower, utility sink waste, and

bathroom sink. Summaries were then prepared that itemized

specific compounds used for particular events. Table 1 lists some

toxic compounds that are frequently found in some household

products (Hathaway, 1980).

Hathaway predicted priority pollutants in household waste-

water. Those compounds listed in at least three household events

were included, as they were predicted to occur in household waste-

water in measurable quantities. Other compounds were listed based

on frequency of use. Table 1 lists the predicted organic priority

pollutants. No prediction of quantities (concentrations) in
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Table 1. Organic compounds commonly found in household products
and predicted organic priority pollutants in household
wastewater (Hathaway, 1980).

Priority
pollutants

Toilet Kitchen Laundry predicted in
Organic compound products products products wastewater

Benzene x x x x

Bromoform x x

Chloroethane x x

Chloroform x x x

i,2-dichlorobenzene x x x x

i,4-dichlorobenzene x x x x

2,4-dichlorobenzene x

1, 3-dichloroethane x

1, 4-dichloropropane x

Diethylpthalate x x x

2,4-dimethylphenol x x x

Methylene chloride x x x

Napthalene x x x x

Phenol x x x x

Toluene x x x

l,l,l-trichloroethane x x x x

Trichloroethylene x x x



wastewater were given because of such a large number and variety

of products.

As part of a toxicant control program in Seattle, Washington,

Ridgley and Galvin (1982) examined household products, paints, and

automotive products for usage; composition, possible contaminants,

expected concentrations of contaminants in wastewater flows, dis-

posal methods, human health effects, and effects on the environ-

ment. It was noted in the project summary that the product labels

did not list all constituents. The contents identified in many

products included VOCs such as l,l,l-trichloroethane, trichloro-

ethylene, methylene chloride, and toluene.

A product marketing survey was conducted at two stores to

determine usage and volume estimates of consumer products con-

taining synthetic organic chemicals (NYDEC, 1986). Consumer

products found containing organic chemicals of concern included

paint and varnish removers, driveway degreasers, solvents and

cleaning fluids, engine and metal degreasers, radiator flushes,

and cesspool cleaners. The chemicals in these products included

methylene chloride, toluene, trichloroethylene, tetrachloroethy-

lene, benzene, and l,l,l-trichloroethane. This information was

obtained from product labels. The researchers noted that many

manufacturers did not provide ingredient information on product

labels.

It is apparent that some household products do contain VOCs

such as toluene, l,i, l-trichloroethane, chloroform, and benzene
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EPA**--  that could enter a septic tank/drainfield system. If they make it

to the drainfield, these contaminants could impact the unsaturated

soil and groundwater beneath these sites.

Z It is important to note that the researchers in the above

studies had difficulty obtaining ingredient lists for many house-

hold products. Greater efforts should be taken to provide labels

with information of potential contaminants in household products.

VOCs in Onsite Wastewater Infiltration Systems

VOCs in Septic Tanks and Land Disposal Wastewater Systems

There have been limited studies to monitor for VOCs in septic

tanks. There are no studies reported determining VOC contamina-

tion in drainfields. There is limited information on the impact

of VOCs on land application wastewater systems such as rapid

infiltration and stabilization ponds. These ponds operate differ-

ently than onsite infiltration systems, but some of the informa-

tion obtained from these studies such as volatilization and degra-

dation losses of VOCs may be applicable.

As part of a toxicant control program in Seattle, Washington,

three samples were collected from septic tank septage (Ridgley,

1982). The composite samples were from 11 to 16 individual septic

tank cleaning trucks, from residential sources plus other inputs

from chemical toilets and bilgewater. l,4-dichlorobenzene, di-

octyl phthalate, and toluene were detected in all samples in con-

centrations ranging from 270 to 800 pg L - 130 to 6500 jg L
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and 150 to 1200 pg L-1, respectively. The researchers note that

the dichlorobenzene is used in disinfectants and probably origi-

nated from the chemical toilets. Phthalate may have originated

from plastic piping in homes and toluene's origin was unknown

because it is so widely used in many household products.

In a study conducted in the Village of White City, Saskatche-

wan, wastewater samples were collected from a septic tank, lift

station, and waste stabilization pond (Viraraghavan and Hashem,

1986). The samples were analyzed for 11 priority VOC pollutants

Six priority pollutants were detected including: chloroform,

bromodichloromethane, toluene, benzene, methylene chloride, and

tetrachloroethylene.

Benzene and bromodichloromethane were found most often in all

of the samples. Toluene occurred in the household wastewater at
-i

an average concentration of 225 pg L , while none was detected in

the septic tank effluent. Toluene was detected in one sample at a

concentration of 30 jg L-  taken from the lift station that

collects the effluent from the septic tanks. The concentrations

of benzene detected in the septic tank effluent, lift station

wastewater, and lagoon effluent were much higher than in the raw

wastewater. No explanation is given as to why this occurred. The

average concentration of bromodichloromethane in the raw waste-

water was 0.30 jig L- and in the septic tank effluent was 0.46 jg

L- I , indicating no removal in the septic tank. The average
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concentration of bromodichloromethane in the lift station waste-

-l -l

water was 0.62 pg L and in the lagoon was 0.16 pg L or 74%

removal. Methylene chloride and tetrachloroethylene could not be

quantified in samples as the concentrations were too low. Chloro-

form was detected once in the lagoon effluent at a concentration

-l
of 0.03 pg L1.

The authors conclude that the amounts of priority VOC pollu-

tants are not a serious problem. It is important to note that

only one septic system was sampled and also infrequent sampling of

the septic tank lift station and lagoon may have missed a VOC

event.

Tomson et al. (1984) sampled ten domestic septic tank systems

from around the country. Samples were analyzed for trace level

organics (C-TLO's) such as VOCs. Twenty-two organics were identi-

fied as potential contaminants. Some of these contaminants are:

chloroform, toluene, trichloroethylene, dichlorobenzenes, phenol,

and napthalene. Wastewater in the distribution box was sampled

and assumed to be representative of the input into the soil

absorption field.

The concentrations of the 22 compounds varied to as high as

-i300 pg L toluene in the distribution boxes. Typical concen-

-i
trations in the distribution boxes were approximately 1.0 pg L.

One of the conclusions the authors made was that many domestic

septic tank effluents contain more than one hundred chromatograph-

-i
able trace level organics in the 1 pg L range. They attribute
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the detection of many of these contaminants in septic systems to

household products.

DeWalle et al. (1985) studied a community septic system

serving 97 homes in Tacoma, Pierce County, Washington. Dichloro-

methane was detected in all samples of raw sewage and septic tank

effluent, followed by toluene in frequency of detection. Toluene

was detected in highest concentrations. Average concentrations of

34.5 jg L - in raw sewage and 38.8 Ag L - in the effluent were

detected. Dichloromethane was present in the next highest concen-

tration, followed by chloroform. Overall 40 to 50 VOCs were

-l
detected at a concentration of 

>1 g L .

The majority of the compounds detected were hydrocarbons

including aliphatic and cyclic substances. Most pollutants in the

raw sewage were not removed during the 2-day detention period in

the septic tank. Also, the priority pollutants had higher con-

centrations during the weekend. This is when most people do their

cleaning and household projects with paint thinners, cleaners, and

deodorizers. This is one of the only studies that identifies

fluctuations in concentrations of VOCs detected in the septic

system. This study also indicates a time in which higher concen-

trations are detected, which happens to be during weekends.

Andreoli and Bartilucci (1980) conducted a field study to

determine the impacts cesspool cleaners have on cesspools and

groundwater beneath the sites. Two cesspool systems were used for

this study; one served as a control. The two systems consisted of
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a typical cesspool tank underlain by a sand-filled tank that

collected the leachate from the bottom of the cesspools. Fol-

lowing the addition of wastewater to both systems and sampling of

the wastewater to establish background levels, one of the largest

selling cesspool cleaners was added to pool 1. Analysis of the

product showed that it consisted of 25% l,l,l-trichloroethane,

15.26% methylene chloride, and 59.74% other hydrocarbons.

Following the addition of cleaner to pool 1, samples were

collected and analyzed. The results indicated that 1,1,1-tri-

chloroethane was detected at 100,000 O g L and methylene chloride

-l
at 190,000 Mg L . The pool was sampled one month later and

-l

concentrations decreased to 1,000 O g L-I l,l,l-trichloroethane and

-l
about 8,000 pg L methylene chloride.

Sand-filled tank 1, which collected the leachate below pool 1,

was also monitored; solvents did not migrate from beneath pool 1,

as anticipated. Maximum concentrations of methylene chloride

-i -i
(1,282 pg L ) and l,l,l-trichloroethane (38 pg L ) were not

detected until 253 gallons of leachate were withdrawn from the

tank. The concentrations of these VOCs decreased rapidly

thereafter.

The concentrations of VOCs in the leachate collected in tank 1

were substantially lower than the concentrations in pool 1. Soil

cores were collected from beneath the pools and analyzed to

determine if organics were retained in the soil above tank 1. The



15

analyses from beneath pool 1 show negligible amounts of 1,1,1-tri-

chloroethane and methylene chloride.

Both systems were flushed with potable water to observe

leaching rates and VOC concentrations. The leachate in pool 1

increased in concentrations of methylene chloride and 1,1,1-tri-

chloroethane and then decreased to low levels upon continual

flushing.

In a follow-up study, tank 1 was dosed with increased amounts

of the tank cleaner (Andreoli and Bartilucci, 1980). Halogenated

compounds such as methylene chloride and l,l,l-trichloroethane

passed through the soil beneath the leaching pool treated with

cleaner. The concentrations of the contaminants detected were

-i
over 40,000 'Pg L . Compared to experiment 1, an increased dosage

of the product resulted in disproportionately higher concentra-

tions of contaminants in the leachate. The results also indicate

that the cesspool cleaner when added in greater quantities to pool

1 did not increase the leaching rate as expected.

Greer (1987) conducted a study in which six small community

onsite wastewater infiltration systems were assessed to determine

the presence of VOCs in the effluent, septage, and groundwater at

each site. The septic tank effluent was sampled from each of

these sites three times over a 5-month period. The samples were

analyzed for 45 VOCs. VOCs were detected in the effluent at all

of ...the sites. Table 2 lists the maximum concentrations and

frequency of detection of selected VOCs (Greer, 1987).
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Table 2. Maximum concentrations and frequency of detection of
selected VOCs in septic tank effluent samples (Greer,
1987).

Maximum concentration Frequency

VOC detected of detection

jg L-I1%

Toluene 200.0 92.9

p-dichlorobenzene 39.0 59.9

Xylenes 28.0 26.2

1,1,1i-trichloroethane 19.0 4.8

Benzene 5.1 14.3

Ethylbenzene 4.4 14.3

l,2-dichloroethane 3.6 4.8

Chloroform 2.5 14.3

Tetrachloroethylene 2.0 7.1
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The author concluded that many of the VOCs that were detected

in the samples collected from the community septic tanks may have

come from commercial business such as automobile service stations

or other small business facilities which discharge their wastes

into these systems. Other contributors of VOCs may have been

household products such as toilet bowl cleaners, degreasers, and

paint thinners.

In Long Island, New York the cesspools at 11 commercial estab-

lishments and 10 residences in Nassau County were sampled and

analyzed for VOCs (NYDEC, 1986). Toluene was detected in 17 of 21

samples. The concentration of toluene was higher in residential

samples than commercial samples. No reason is given for this

occurrence. Chloroform and trichloroethylene were also detected

in samples. Concentrations of the VOCs detected in these samples

were not provided. A survey of the products used at these sites

where cesspool samples were collected did not provide useful

information on the use of consumer products at the sampling sites.

Samples were collected from dry disposal wells at several ser-

vice stations on Long Island, New York (Mahadevaiah and Council,

1987). In the dry well system, all wastes are discharged to a

subsurface tank that has either perforated sides or an open bottom

through which the wastes migrate. Solids collect in the bottom of

the system. Three dry wells were sampled. One disposal well had

1000 mg L - ethylene glycol and the two other wells had concen-

trations of 80 mg L - I . Benzene levels ranged from 140 to 210 j g
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C 1 in the samples. 1,4-dichlorobenzene was detected as high as

600 pg L in one of the dry wells. Ethylbenzene concentrations
-l

ranged from 140 to 400 pg L_, and toluene concentrations detected

in samples collected from the dry wells ranged from 1500 to 9200

-l
pg L

These studies show that VOCs such as toluene, 1,4-dichloro-

benzene, 1,1,1trichloroethane, chloroform, and phenol have been

detected in septic tanks and other land disposal wastewater

systems.

Intensive monitoring of trace organics was conducted on the

secondary sewage effluent applied to a rapid infiltration site

(Tomson et al., 1981). A wide range of organic contaminants

including VOCs were present. Sixty-seven refractory volatile

organic compounds were detected in the effluent including:

toluene (0.96 pg L-)1 p-xylene (2.14 Mg L - ), and o-dichloro-

benzene (0.97 pg L').

Davis et al. (1983) determined the efficiency of waste

stabilization ponds in removing toxic organics. Two laboratory-

scale models of the same design waste stabilization pond were

used. One system was loaded with higher organic strength influ-

ent. The tanks were enclosed so that volatiles could be collected

off the top of the system. The synthetic test compounds were
-1

added to a synthetic waste feedstock of 250 mg L powdered dry

milk in a methanol carrier. The test compounds included: ben-

Zene, toluene, chlorobenZene, 1, 2-dichlorobenzene, nitrobenzene,
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napthalene, 2,6-dinitrotoluene, phenanthrene, pyrene, di-n-butyl-

phthalate, di-n-octylphthalate, and bis-2-ethylhexylphthalate.

These chemicals were selected based on their broad range of physi-

cal and chemical properties especially with respect to volatility.

Percent loss of the more volatile compounds was correlated

with compound Henry's law constants and vapor pressure. Benzene,

toluene, chlorobenzene, and 1,2-dichlorobenzene, which have fairly

high Henry's law constants, had volatile losses of 41.2, 34.4,

29.9, and 21.8%, respectively. Nitrobenzene, 2,6-dinitrotoluene,

and bis-2-ethylhexylphthalate, which have low Henry's law con-

stants, had very low volatile losses.

The amount of all compounds degraded during the experiment was

determined. Degradations ranged from 55.8% for benzene to 93.9%

for di-n-butylphthalate. It is assumed that the amounts missing

after measuring the other routes were for biological degradation.

The data generally indicated that compounds having low solubili-

ties and high partition coefficients had slower degradation rates.

The authors noted that sizeable amounts of pyrene, di-n-octyl-

phthalate and other organics accumulated in settled solids in

waste treatment units. Metals and high molecular-weight compounds

are also prone to this phenomenon. The general trend shown was

that, as the water solubility of the compound decreased and as the

partition coefficient increased, the compound retained in the

sediment increased. Contaminants in the solids will be removed

during management procedures or some may degrade.
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The general conclusion is that these pond systems operate to

remove some toxic organics from wastewater. The results obtained

from the experiment can be applied generally to onsite wastewater

treatment systems in that losses of VOCs in these systems could be

ML due to volatilization, biological degradation and also, the

accumulation of some organics in the sludge, which have settled to

the bottom of the septic tank or floating scums or in the soil.

The results of all of the above studies indicate that VOCs

have been detected in private and community septic tanks, waste

stabilization ponds, cesspools, and the soil beneath cesspools.

Some of the most commonly-detected VOCs are: toluene, 1,,1-tri-

chlorethane, dibromomethane, chloroform, and trichloroethylene.

Thus, these VOCs are resistant to some degree to breakdown in the

septic tank, and the potential therefore exists for these sub-

stances to impact the soils and groundwater beneath drainfields.

VOC Contamination in the Unsaturated Zone and Groundwater

Beneath Onsite Wastewater Infiltration Systems

There are no studies reported determining VOC contamination in

the unsaturated zone beneath drainfields. Thus, this section will

focus on studies that deal with VOC contamination of groundwater

beneath these systems.

Tomson et al. (1984) studied the groundwater beneath 10 septic

systems around the country and sampled for a number of parameters

including VOCs. The concentration of 22 compounds varied from as

high as 300 &g L- in the septic tank distribution boxes to 15
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jg L-1 in groundwater wells. Concentrations in the distribution
-l -l

boxes were typically <1.0 pg L and in groundwater <0.1 pg L1.

Some of these VOCs were detected up to 62 m away from the drain-

field in sandy soils. Thus, it has been shown that these waste

treatment systems can impact groundwater. The authors note that a

6- to 9-m separation between the bottom of a leaching system and

groundwater is not sufficient for VOC removal, especially in sandy

soils.

In a Study conducted by Greer (1987), one of several objec-

tives was to monitor the groundwater beneath four small community

onsite wastewater infiltration systems. A discussion regarding

the results of monitoring the septic tank effluent at these sites

was given in a previous section. Four wells were installed and

monitored at each of three of the sites, and three wells were

installed and monitored at one of the sites. The samples col-

lected from the wells were monitored for 45 VOCs.

Three VOCs were detected. At two of the sites VOCs were not

detected in the monitoring wells. These wastewater systems were

older (5 years and 8.5 years); thus, they were presumed to have

had a well-developed biological mat.

At one site, l,l,l-trichloroethane was detected twice in two

of the monitoring wells. The maximum concentration detected in

-i
these wells was 2.8 pg L . This system was put into use Just

prior to investigation. l, l,l-trichloroethane was not detected in

the effluent samples from the septic tank, and it is suspected
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that the compound may be the result of solvent cement used during

the construction of the system.

At another site, chloroform and p-dichlorobenzene were detect-

ed in groundwater monitoring wells at concentrations of 1.4 and

2.6 pg L , respectively. Both compounds were detected in

effluent samples collected from the septic tank. The average con-

-i
centration of chloroform was 1.0 Ag L and p-dichlorobenzene was

22 g L - in the effluent samples. This site was about 1 year old

when this investigation was conducted. The author notes a pos-

sible relationship between age of wastewater infiltration system

more specifically development of biological mat.

Groundwater beneath a rapid infiltration site was contaminated

by trace level organics (Tomson et al., 1981). Samples were col-

lected from five groundwater monitoring wells near the rapid

infiltration site. Several organics were detected in the samples,

including VOCs such as trichloroethylene, toluene, tetrachloro-

ethylene, chlorobenzene, xylene, and p-dichlorobenzene. It can .be

noted that if a compound appeared in one monitoring well it gen-

erally appeared in all of the monitoring wells. Following statis-

tical analysis of the groundwater monitoring data, it was con-

cluded that there is little variation with time in the qualitative

or quantitative nature of the organic compounds beneath rapid

infiltration systems.

It was concluded that rapid infiltration systems are not

efficient at removing VOCs. Classes of organic compounds exhibit
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different removal efficiencies, which is noted in the differences

in the results between concentrations of organics in the effluent

and those found in groundwater samples collected from beneath the

site.

Kolega et al. (1981) studied the groundwater beneath five

septage disposal facilities in Connecticut. These systems receive

septage from the community's onsite sewage disposal systems, and

they usually consist of two lagoons placed in series. The first

lagoon acts as a clarifier to allow the solids to settle out and

the second lagoon allows the supernatant to infiltrate through the

soils beneath the site with final discharge to groundwater.

The soils beneath these sites ranged from sand to sandy loam

with coarse fragments. The underlying geologic materials at four

of the sites were stratified glacial drift. VOCs were detected in

down-gradient wells at these sites. Toluene was detected in

-l
concentrations as high as 1,100 pg L , l,l,l-trichloroethane was

detected at 480 Mg L - along with 1,2-trichloroethane at 200 and

-l
methylene chloride at 85 pg L . Thus, the results from this

study indicate that septage can impact groundwater quality. The

authors emphasize that when developing groundwater monitoring pro-

grams at these sites that sampling frequency is important in that

seasonal fluctuations in groundwater quality must be documented.

The results of these studies indicate that VOCs do migrate

through the unsaturated zone to groundwater. But the fate of VOCs

in the unsaturated soil beneath onsite infiltration systems
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has not been researched. Also there has been no research con-

4ducted that tries to tie product usage to contaminants in septic

tanks, the soils beneath drainfields, and the groundwater beneath

these sites.

The Behavior of VOCs in the Unsaturated Zone

There was no published information found pertaining to the

behavior of VOCs in the unsaturated zone beneath onsite wastewater

infiltration systems. There is limited information about the

behavior of VOCs in the unsaturated zone from any waste source.

The majority of literature dealing with VOC contamination pertains

to groundwater. Seldom are soils (unsaturated zone) through which

these contaminants move discussed. Thus, this section will focus

in general on the characteristics and behavior of VOCs in the

unsaturated zone.

The chemical and physical characteristics of an organic sub-

stance in conjunction with environmental characteristics result-in

chemical, physical, and biological interactions controlling the

transport and transformation of the organic substance in the

unsaturated zone and thus the soil (Brown and Bomberger, 1983).

The following is a discussion of the chemical and physical char-

acteristics and biological processes associated with VOCs.

Chemical Characteristics

Most VOCs are liquids at normal environmental temperatures

(Mackay and Shiu, 1990). Vapor pressures of VOCs are high and at
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25°C exceed 500 Pa and most exceed 1,000 Pa. The solubilities of

VOCs in water are generally low compared to alcohols and car-

-l
boxylic acids and are usually less than 10,000 mg L . Thus, VOCs

have important properties related to water solubilities, which

cause these chemicals to migrate or volatilize from water to other

media such as the atmosphere or soil atmosphere. Table 3 provides

general chemical data for selective VOCs.

Many VOCs are immiscible fluids and are referred to as non-

aqueous-phase liquids (NAPLs) (Gilham and Rao, 1990). There are

two types of NAPLs--those that have a density greater than that of

water (dense, non-aqueous-phase liquids or DNAPLs) and those that

are less dense than water (light, non-aqueous-phase liquids or

LNAPLs) (Gilham and Rao, 1990). Most organic solvents and clean-

ing fluids are DNAPLs, whereas gasoline and many petroleum prod-

ucts are LNAPLs. The differences in densities of these organics

play a major role in the behavior of these substances in the

unsaturated zone. Many VOCs may enter the unsaturated zone as dn

immiscible phase, but in the majority of cases, they are trans-

ported as dissolved constituents of the aqueous phase (Ram et al.,

1990). Thus, many VOCs if discharged to a drainfield are probably

transported in aqueous phase.

Organic reactions or processes can transform one chemical to

another, change the state of a compound, or cause a compound to

combine with another compound. Many of these reactions have been

studied in the laboratory, but the results have not been applied
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Chemical properties of selected VOCs at 20

Molecular Melting Boiling Water Vapor

Compound Formula weight point point solubility pressure Density

-1 o o -1 3
g mote C C mgnL Pa gcm

Benzene C6 H6  78.1 5.5 80 1780 12700 0.88

Toluene C7H8  92.1 -95.0 111 515 3800 0.87

Ethytbenzene C8 H10  106.2 -95.0 136 152 1270 0.87

Methyt chloride CH3CL 50.5 -97.7 -24 7250 539270 0.92

Chloroform CHC13  119.4 -63.5 81 8000 21320 1.49

1,1,1-trichLoroethane C2H3CL3  133.4 -32.0 113 730 13300 1.35

Trichtoroethene C2HCL3  131.4 -73.0 87 1100 9870 1.46

Tetrachtoroethene C2CL4  165.8 -19.0 121 140 2100 1.62

Bromodichtoromethane CHCL2Br 163.8 -57.1 90 4500 6670 1.97

Dibromochtoromethane CHCtBr2  208.3 -20.0 119 4000 1014 2.45

Chtorobenzene C H CL 112.6 -46.5 132 472 1580 1.116 5

to 25°CTable 3.
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field studies. There was no literature found regarding VOC

reactions in onsite systems. The following is a discussion of

reactions that may occur in the subsurface (unsaturated or satu-

rated conditions) that could be applied to VOCs in a drainfield.

The reactions involving organics in the subsurface are usually

based on kinetics as equilibrium or zero- or first-order, depend-

ing on how the rate is influenced by the concentrations of the

reacting organic substances (Johnson et al., 1989). A zero-order

reaction is one that proceeds independently of the concentration

of the reacting organics. A first-order reaction is one that is

directly dependent on the concentration of the organic reactants.

The most likely transformations to occur for halogenated

aliphatics in the environment are controlled by the number and

type of halogens (Vogel et al., 1987). The chemical reactions of

most concern with regard to VOCs in the subsurface include

hydrolysis and oxidation and reduction (Johnson et al., 1989).

Hydrolysis is just one set of reactions which results in the

transformation of organic pollutants. In this reaction, an

..........organic compound such as halogenated hydrocarbons reacts with

water to form a new molecule. The reaction typically involves the

formation of a new carbon-oxygen bond and the clearing of the

carbon-X bond in the original molecule, resulting in the formation

of an alcohol or an alkene (USEPA, 1989). The rates of these

reactions in the environment can range from as low as a few

seconds to as high as 106 years. Hydrolysis rates are typically
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difficult to measure especially in the field due to other com-

peting reactions and slow degradation rates (Johnson et al.,

1989).

One other important reaction involving organics in the sub-

surface is oxidation and reduction (USEPA, 1989). For many

organic compounds, chemical oxidation is a degradation process

that occurs in the environment. Many of these reactions depend on

reactions with free-radicals already in solution.

Physical Characteristics

There are several coefficients and transport mechanisms used

to describe the physical characteristics of VOCs in a soil envi-

ronment. These characteristics can be applied to VOCs in onsite

systems. Coefficients of interest include the octanol-water par-

tition coefficient, Henry's law constant, and air-water partition

coefficient. The most important VOC transport mechanisms are dif-

fusion and advection. Volatilization and sorption of VOCs are

also discussed.

Jury et al. (1984) suggested that partition coefficients can

be used to determine whether organic compounds such as VOCs in

unsaturated soil will reside in vapor, liquid, or absorbed phases.

The degree of partitioning of VOCs in an unsaturated soil envi-

ronment depends on the volatility and water solubility of the VOC,

the soil moisture content, and the nature of the soil solids

(Silka, 1988). These coefficients can, therefore, be used to

predict the behavior of VOCs in a drainfield.
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The octanol-water partition coefficient (Kow) is used to

describe the water immiscibility of VOCs which tend to migrate

from water to other media such as the atmosphere and organic

phases of organic carbon (Mackay and Shiu, 1990). This coeffi-

cient is the ratio of concentration or solubility in 1-octanol to

that in water. It is usually in the range of 10 to 1000 and is

_ .. most commonly expressed as log KO. It is used as a predictor of

partitioning into natural organic carbon. Table 4 lists coeffi-

cients for several VOCs.

The Henry's law constant, H (Pa m tol is the ratio of a

3
VOCs vapor pressure, P (Pa), to its solubility, C, (mol m,)

(Mackay and Shiu, 1990). This constant can be used to describe

the volatility of VOCs and partitioning between VOC vapor in soil

gas and VOC dissolved in soil moisture. VOCs have high Henry's

law constants and have a tendency to partition from liquid to gas.

7. This is usually related to their low solubilities. Table 4 lists

constants for several VOCs.

The air-water partition coefficient (Kw) is a ratio of airAW

and water volumetric concentrations and is expressed as H RT -

(Mackay and Shiu, 1990), where H is the Henry's law constant, R is

the gas constant (8.314 Pa m mol I°K), and T is the absolute

temperature in *K. Values for VOCs usually exceed 0.1 and can

exceed 1.0. VOCs are characterized by relatively large KAwS

S.... (exceeding 0.01), indicating that they will partition into the

... vapor phase. Coefficients for several VOCs are given in Table 4._
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Table 4. Physical properties of
1990).

selective VOCs (Mackay and Shiu,

Compound log KOw H KAW

3 -l
Pa m mol

Benzene 2.13 557 0.227

Toluene 2.69 680 0.272

Ethylbenzene 3.15 887 0.349

Methyl chloride 0.91 706 0.361

Chloroform 1.97 318 0.150

1,1,1-trichloroethane 2.49 1743 0.704

Trichloroethane 2.42 1179 0.392

Tetrachloroethane 2.88 1793 0.724

Bromodichloromethane 2.10 243 0.065

Dibromochloromethane 2.24 5276 0.036

Chlorobenzene 2.84 377 0.154
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The two major transport mechanisms of VOCs through unsaturated

soils are diffusion and advection. Diffusion is the process in

which the ionic or molecular components move under the influence

of their kinetic activity in the direction of the concentration

gradient which exists in the environment. Both vapor and liquid

diffusion of VOCs can occur. The process of advection refers to

the migration of solutes as a result of the bulk motion of the

fluid phase in which they are dissolved (Gilham and Rao, 1990).

The transport of VOCs from a source through unsaturated soil may

be as bulk motion (advection) as a solute in percolating water or

by diffusion as a liquid or a vapor in soil gas (Silka, 1988).

For VOCs, many of which have low solubilities in water, transport

in soil gas can predominate (Spencer and Farmer, 1980)

VOCs if added to a drainfield could be transported by advec-

tion as solutes in water. They could also diffuse through the

soil in liquid or gas phase. The rate of movement of VOCs through

unsaturated soil is dependent on a number of factors, including

the extent to which they partition between the liquid, soil, pore

water, and vapor phases (Johnson et al., 1987).

Volatilization is a process that refers to the transfer of

pollutants such as VOCs from soil water to the soil atmosphere and

from the soil to an outside atmosphere (above the soil surface)

(Brown and Bomberger, 1983). When volatilization occurs,

molecules or ions move from regions of high concentration to areas

of low concentration.
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Attempts are being made to determine the volatilization rates

of organic chemicals in environmental settings. Volatilization

coefficients that are related to volatilization rates have been

determined for select VOCs from water (Mackay and Yeun, 1983;

Rathbun and Tai, 1984). The volatilization rates of select

organic chemicals from water and soil have been studied (Kilzer et

al., 1979). C-14 labeled compounds such as hexachlorobenzene,

2,4,6-trichlorophenol, and biphenyl were used in this experiment.

Sandy, loamy, and humus soils were used in this study. A measured

quantity of compound was added to the soil or water contained in

an enclosed apparatus used to collect. the volatilized compound.

The results of this experiment indicate that volatilization

is, ii most cases, much lower from soils than from water. Excep-

tions occurred for a few chemicals due to differences between the

pH of the water and soils. When comparing the three different

soils, volatilization was highest in the sand and lowest in the

humus. The overall results indicate that volatilization from -

water cannot be used to predict volatilization from wetted soils.

Schwille (1988) studied the volatilization and migration of

several VOCs. A coarse sand was contained in a sealed glass

bell-type column. A dish containing filter paper on which chloro-

form, l,l,l-trichloroethane, and dichloromethane were added each

at different times, was placed on a frame above the soil surface.

Chloroform was detected in the lower glass reducer 2.5 hours after
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it was added to the paper; a steep increase in concentration

occurred thereafter. The maximum concentration occurred 6.5 hours

after the addition of VOCs. Dichloromethane moved through the

soil at a rate similar to chloroform and l,l,l-trichloroethane

moved through at a somewhat slower rate.

Thus, volatilization is an important process that may occur

when VOCs are added to a drainfield. VOCs may volatilize to the

soil atmosphere from the liquid (wastewater containing VOCs) added

to the drainfield, or soil water. They may also volatilize from

the soil atmosphere to an outside atmosphere (above the soil

surface).

Adsorption is a process in which pollutant ions or molecules

adhere to the surface of soil particles. Adsorption can retard

the movement of contaminants in soils in the unsaturated zone.

For organic contaminants, partitioning between water and the

organic carbon content of the soil is an important mechanism

(Bonazountas, 1983). This partitioning is dependent on the

characteristics of the organic and the soil. Adsorption and

desorption occur as a result of a variety of mechanisms, some of

which may cause an increase in the concentration of contaminant

within the soil particle (Bonazountas, 1983).

Most VOCs of environmental concern are hydrophobic and rel-

atively nonpolar. The sorption mechanism for these types of
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phobicitY, they may have a preference to leave the aqueous phase

and sorb into organic matter (Gilham and Rao, 1990). Kan and

Tomson (1987) and Schrap and Opperhuizen (1989) have studied the

sorption characteristics of some VOCs. Karickhoff (1979) has

studied the sorption of various organics in soils of various

organic carbon contents. In addition to uptake by organic matter,

Karickhoff (1979) suggests that sorption on mineral surfaces of

'clays is also important.

;.- VOCs may be adsorbed to the surface of soil particles in a

.drainfield, which may prevent their transport to groundwater.

Sorption of VOCs will occur most likely in soils that have a high

,qrganic carbon and clay content.

Bioloical Processes

j. Biological processes concerning VOCs in unsaturated soil are

bioaccumulation and biodegradation. Bioaccumulation is the pro-

cess by which organisms such as plants and soil organisms accumu-

late and concentrate contaminants from the soil (Bonazountas,

,1983). This process with regard to VOCs is not addressed in

hdetail in the literature. Biodegradation is more commonly

jjWaddressed and refers to the transformation of a contaminant by

'W"microorganisms.

There is limited literature available regarding the biodegra-

dation of VOCs in the unsaturated zone. Literature was not found

regarding the biodegradation of VOCs in a drainfield. Most of 0
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the literature available concerns the biodegradation of VOCs in

the saturated zone and aquifer materials.

Wilson and Wilson (1985) have shown that trichloroethylene

(TCE) degraded aerobically to carbon dioxide in an unsaturated

soil column exposed to methane. The unsaturated soil was exposed

to methane to enrich for methanotrophs and then the soil was

examined for its capacity to remove TCE from infiltrating water.

A control was used that consisted of the same configuration except

that it was not exposed to natural gas. Removal of TCE in the

methane exposed column was extensive, less than 5% of the applied

TCE passed through the soil. Without exposure to methane there

was no degradation of TCE. In an attempt to determine the degra-

dation products, another soil column was exposed to methane and

radiolabeled TCE was added to the column. The TCE in the column

was degraded to carbon dioxide.

Chloroform oxidation was measured in batch tests of sandy and

sandy loam soils (Strand and Shippert, 1§86). Soil samples were

exposed to acetylene and methane to inhibit chloroform oxidation

to show that methane-oxidizing bacteria were responsible for some

of the chloroform oxidation. Control samples were exposed only to

air.

Some chloroform oxidation by soil microorganisms occurred in

soils exposed only to cylinder air, but the oxidation by micro-

organisms in methane-acclimated soils was four times greater.
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roportion of chloroform oxidized increased.

The following are studies that deal with the biodegradation of

VOCs in aquifers. Bouwer et al. (1981) incubated trihalomethanes,

hloroform, trichloroethylene, and tetrachloroethylene aerobically

n-the presence of primary sewage sludge and anaerobically in the

rpresence of mixed methanogenic bacterial cultures. These VOCs

ere not degraded under aerobic conditions.

- Trihalomethanes anaerobically degraded, but little or no

'degradation occurred for trichloroethylene and tetrachloro-

,ethylene. Chloroform degradation occurred, but was much slower

than the trihalomethanes.

Bouwer and McCarty (1983) conducted a study in which several

VOCs commonly found in surface and groundwater were incubated

under anaerobic conditions to study their transformability in the

-.presence of denitrifying bacteria. Carbon tetrachloride, bromodi-

.chloromethane, dibromochloromethane, and bromoform were the only

compounds studied that were transformed in the presence of

-denitrifying bacteria after 8 weeks of incubation. Chlorinated

'benzenes, ethylbenzene, naphthalene, chloroform, 1,1,l-trichloro-

ethane, and 1,2-dibromoethane were not significantly transformed

. n the experiments. Carbon tetrachloride decomposed to produce

'carbon dioxide, which the authors suggest indicates removal by

b biotransformation.

Wr
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Swindoll et al. (1987) studied the aerobic biodegradation of

natural and xenobiotic organic compounds by subsurface micro-

organisms in uniform fine sand from a depth of 4.5 to 5.5 m.

Radiolabeled natural compounds such as amino acids and acetic acid

were used along with xenobiotic compounds such as toluene, phenol,

chlorobenzene, and 1,2,4-trichlorobenzene. Samples were incubated

and the carbon dioxide produced from the mineralization of the

substrate was collected. The radioactivity of the samples was

measured in order to assess the incorporation of label into cellu-

lar biomass.

The aquifer material (uniform sand) microbial community was

able to degrade a wide variety of natural and xenobiotic compounds

-l
at concentrations below 0.1 g L . Substrate metabolic rates

appear to increase linearly with VOC concentration. For compounds

showing no saturation over the range of substrate concentrations,

metabolism and turnover times were independent of concentration.

The authors suggest that, at environmental concentrations, the

organisms would be operating at rates far below the maximum poten-

tial for the enzymes they appear to possess.

In laboratory studies, VOCs such as chloroform, carbon

tetrachloride, and dibromomethane were degraded in soil and/or

aquifer materials under aerobic and/or anaerobic culture condi-

tions. It was also shown that some VOCs such as naphthalene,

ethylbenzene, and l,l,l-trichloroethane were not significantly

degraded in soils and aquifer materials. This suggests that
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biodegradation of some VOCs may occur in drainfields and the

unsaturated soil beneath drainfields. Also, some VOCs may be

resistant to biodegradation and could be transported from the

drainfield to groundwater.

Transport and Fate of VOCs in Unsaturated Soil

Wilson et al. (1981) conducted a study in which the transport

and fates of 13 VOCs were studied in a sandy soil with low organic

matter content. Glass columns were packed with the soil to a

140-cm depth. In separate experiments, the columns received 14 cm

-l -l
d of water containing a mix of 1.0 or 0.2 mg L of each of the

VOCs. The quantities of VOCs that volatilized from the soil

surface as well as the concentrations found in the leachate were

measured.

Chloroform, 1,2-dibromo-3-chloropropane, dichlorobromomethane,

1,3-dichloroethane, tetrachloroethene, 1,1,2-trichloroethane, and

trichloroethene were not degraded in this sandy soil. Between 19

and 65% of the material applied to the surface migrated to a depth

of 140 cm; the remainder volatilized. For chlorobenzene, 1,4-di-

chlorobenzene, and 1,2,4-trichlorobenzene between 26 and 49% of

the material applied reached 140 cm; for chlorobenzene, some of

the material volatilized. Toluene and nitrobenzene degraded in

some but not in all columns. In the absence of degradation,

between 60 and 80% of nitrobenzene and 13% of toluene applied to

the soil surface reached 140 cm. The results indicate that some
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of the toluene applied volatilized from the surface of the soil.

Bis(2-chloroethyl)ether did not degrade, as 86% of the material

applied on the surface reached 140 cm.

Thus some VOCs can be degraded to an extent in an unsaturated

soil with low organic matter content. Some VOCs, if added to the

soil surface, will volatilize. Accordingly, VOCs added to a

drainfield installed in a sandy soil (low organic matter) may not

be degraded in the soil and may impact the groundwater beneath the

site.

Anderson et al. (1991) studied the fate of 15 volatile and

semivolatile organic compounds, including chloroform, toluene, and

benzene, in silt loam and sandy loam soils. The half-lives of the

15 compounds ranged from <2 to 11.3 days. The authors note that

the rapid abiotic disappearance of these compounds and the

inability to explain their fate illustrates the difficulties in

obtaining half-lives for VOCs.

In conclusion, VOCs are found in many household products that

would enter a household wastewater stream and be discharged into a

septic tank. VOCs have been detected in septic tanks and the

groundwater beneath drainfields. It is assumed that if VOCs are

added to a drainfield some may volatilize from the soil, some may

degrade, and some may be transported through the soil beneath the

drainfield to groundwater. The fate of VOCs in the unsaturated

soils surrounding a drainfield has not been studied.
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CHAPTER 3

A Soil Absorption System Model for Laboratory

Studies of VOCs in Unsaturated Soil

P.A. Sauer and E.J. Tyler
2

ABSTRACT

A 2-dimensional, cross-section model of a drainfield was con-

structed and operated in C-horizon Plainfield loamy sand (mixed,

mesic, Typic Udipsamment) to simulate a domestic soil absorption

system. Septic tank effluent was added to the drainfield at a

-l
loading rate of 5 cm d . Unsaturated soil conditions were

maintained in the model soil absorption system. The retention

time of water through 95 cm of vertical flow was 2.5 days. During

that time, except for nitrogen, common wastewater pollutants were

degraded. Because the model is believed to operate like a full-

scale system it provided a means to determine the fate of VOCs in

unsaturated soil above and below a drainfield.

Research of the College of Agricultural and Life Science with

support from the Wisconsin Department of Natural Resources and

the Small Scale Waste Management Project.

2Research Assistant and Associate Professor, respectively, Dep.

of Soil Science, Univ. of Wisconsin-Madison, Madison, WI 53706.0
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INTRODUCTION

The fate of VOCs in the unsaturated soil surrounding drain-

fields is important because of the potential impact that VOCs have

on soil and groundwater quality. The movement of VOCs through a

soil absorption system are influenced by a number of processes

including: partitioning, diffusion, volatilization, sorption, and

degradation (Brown and Bomberger, 1983; Johnson et al., 1987). In

the field, soil moisture, temperature, organic carbon content, and

microorganism populations along with the characteristics of the

specific VOC and wastewater affect these processes.

Field and laboratory studies can be used to study the fate of

VOCs in the unsaturated soil surrounding a drainfield. Field

studies provide in-situ measurements subject to the fluctuations

in weather conditions and variability of soil properties and

involve great investments in time and money. It is difficult to

trace and monitor the transport and degradation of VOCs through a

domestic drainfield due to the variations in field conditions and

difficult to justify dosing high concentrations of VOCs into an

in-situ domestic drainfield. Thus, a laboratory model was design-

ed and operated for this study.

Many columns studies (1-dimensional models of soil absorption

systems) have been conducted to determine the chemical, physical,

and biological characteristics of drainfields. There has been

limited use of 2-dimensional models to study soil absorption
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systems. Mahuta (1991) designed and operated a model of a drain-

field in sand in a plexiglass container used to study gases in a

soil absorption system. There have been no models used to study

VOCs in drainfields. The purpose of this study was to design and

operate a 2-dimensional laboratory-scale model of a soil absorp-

tion system, that simulates an in-situ system, to determine the

fate of VOCs in the unsaturated zone above and below a drainfield.

MATERIALS AND METHODS

System Design and Construction

A 2-dimensional, cross-section model of a soil absorption

system in sandy soil was constructed to simulate an in-situ sys-

tem. The model was in a fabricated stainless-steel container and

maintained at 130C for the duration of the study. Table 1 lists

some of the equipment and materials used for the construction and

operation of the model. The materials used in the construction of

the model do not contain or react with VOCs.

As shown in Figure 1, the width of 119 cm (3.90 feet) included

19 cm for the gravel trench and 50 cm on each side of the trench

to allow for the diffusion of VOCs. The 50 cm was selected based

on a general diffusive mobility equation provided by Jury et al.

(1983) adapted to this study to roughly estimate the distance that

VOCs would diffuse horizontally in a sandy soil. From this equa-

tion, it was estimated that it would take approximately 27 days

for the three VOCs used in this study to diffuse 50 cm through
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Table 1. Equipment and materials used for the construction and

operation of the model and manufacturers/vendors.

Equipment/material
Manufacturer/vendor

Porous stainless steel plate

(2 pm pore size; 160 mm thick)

Sheet of 16-Ga. stainless steel

Swagelok O-seal, brass, straight

thread male connectors, 12.7 mm

diam. (soil gas sampler)

Pressure/vacuum pump

Fritted glass gas dispersion tubes

12 mm i.d., 40-60 pm pore size,

25 cm length

KimaxR glass Y-tubes (9.5 mm i.d.)

No. 45030

Pressure transducer (Model LX06Ol5G;

0 to +100 kPa)

Free flow suction regulator plus

adapters (6700-124-901; 0-26.7

kpa Hg)

Stainless-steel ball valve

(12.7-mm diam.)

R

Teflon TFE tubing (9.5 mm

i.d., 1.6-mm thickness)

Porous ceramic cups (1 bar; 9.5 mm

o.d., 28.9-mm length, 1.6-mm wall

thickness)

Mott Metallurgical Corp.
Spring Lane

Farmington Industrial Park

Farmington, CT 06032

Univ. of Wisconsin-Madison
Stores Department

Badger Valve and Fitting Co
P.O. Box 13444
Wauwatosa, WI 53213

VWR Scientific
800 East Fabyan Park

Batavia, IL 60510

VWR Scientific

VWR Scientific

Sensym Inc.
Worthington, OH 43235

Ohmeda
Ohmeda Drive

Madison, WI 53707-7550

Wisconsin Supply Co.
P.O. Box 8124
Madison, WI 53708

VT Plastics
3674 Kinsman Blvd.

Madison, WI 53704

Soil Moisture Equipment Co.

P.O. Box 30025

Santa Barbara, CA 93105

- continued -



Table 1. (continued).

Equipment/material

Vacuum switch (square D, type
GAW-class 9016)

Data logger (21 X, w/AM multiplexer)

Valveless piston metering pump
(J-7114-46)

Window glazing

Manufacturer/vendor

Cochrane Compressor Co.
Madison, WI 53704

Campbell Scientific Inc.
Logan, UT 84321

Fluid Metering Inc.
P.O. Box 179
Oyster Bay, NY 11771

3M
Bos 33053
St. Paul, MN 55133
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sand. It was assumed then that all VOCs would diffuse horizon-

tally from both sides of the drainfield and be detected in less

than 27 days at samplers located less than 50 cm from the drain-

field.

The height of 149 cm includes a 12 cm gap above the soil sur-

face, which was used to monitor VOC gas concentrations above the

soil surface. It also includes a 30.5 cm soil cover over the

trench (a common cover for sandy soils in Wisconsin), a 5 cm

trench, 95 cm depth to a porous stainless-steel plate and a vacuum

chamber height of 6 cm. Wisconsin plumbing code (WDILHR, 1983)

requires 92 cm (3 ft) separation between the bottom of the trench

and a limiting feature such as groundwater to insure wastewater

treatment. The 15-cm thickness of the model was established based

on practicality and the structural integrity of the model.

The top of the model was covered with a stainless-steel cover

with overlapping sides that was tight-fitting so that gas samples

could be collected above the soil surface from a stainless-steel

tube that was attached to the top left side of the model. The

container was constructed with soil gas sampler and tensiometer

ports.

As shown in Figure 1, the bottom portion of the model was

funnel-shaped to prevent water pockets and to promote drainage. A

2-hm pOre-sized stainless steel plate with an air bubbling pres-

sure of approximately 18.9 kPa (water) was placed in the funnel-
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shaped base of the model. Window glazing compound was used to

provide an airtight seal between the 
plate and vacuum chamber.

The vacuum chamber beneath the stainless-steel 
porous plate

was connected to a vacuum-leachate 
collection system. As shown in

Figure 2, a 500-mL filter flask was 
attached by Teflon

R tubing to

the bottom of the model and to a Tygon
R vacuum tube attached to a

vacuum regulator connected to a vacuum 
reservoir. An activated

charcoal sampling tube was placed 
in the vacuum line between the

collection flask and regulator. The charcoal was used to collect

VOCs that volatilized from the leachate 
because of the reduced

pressure potential during leachate 
extraction.

The vacuum system was based on a design 
by Fermanich (1988).

The vacuum reserve was maintained by 
a vacuum switch-controlled

pump. A vacuum regulator adjusted the 
vacuum from the reservoir

to a constant 8 + 0.5 kPa suction in 
the vacuum chamber. Bouma

(1975) suggests a hydraulic gradient 
of one exists beneath drain-

field crusts at the soil infiltration 
surface at steady infiltra-

tion. An estimated suction of 21 kpa was needed 
to provide a unit

gradient beneath the drainfield in 
the model. The suction was

decreased to 8 + 0.5 kPa to prevent 
excessive bubbling of leachate

in the leachate collection flask, but 
was high enough to provide

unsaturated conditions in the model.

The stainless-steel container was packed with <2.0 mam, sieved,

C-horizon Plainfield loamy sand (mixed, mesic, Typic Udipsamnment)

from the U3W Hancock Agricultural Research Station, 
Hancock, WI.

m
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The C-horizon was selected because this is the depth at which most

soil absorption systems are installed. The soil was hand mixed at

approximately 1% moisture content and loaded with a l-L stainless

steel scoop into the top of the model. All during the packing of

the model, the sides of the model were tapped vigorously with a

rubber mallet to promote even packing. The bulk density after the

-3
packing was 1.50 g cm . The bulk density was the same after the

experiments were completed as there was no obvious settling during

the experiments.

The gravel trench as shown in Figure 1, was scaled down from

122 cm (4 ft) by 33 cm (1.1 ft) to 19 cm by 5 cm (i.e., by a fac-

tor of 0.15). The 10-cm length of the trench was to allow for

2.54 cm of sand on each end of the trench so that gravel did not

contact the container walls. The trench was placed in the center

of the model to prevent edge effects and to determine if symmetry

with regard to VOCs diffusion and water movement through the soil

existed in the model.

The trench was installed when the sand was packed into the

model and consisted of washed, sieved (<12.5 mm, >4.0 mm) gravel.

The gravel was covered with a geotextile to prevent fines from

falling into the gravel. A 0.95 cm (3/8 in.) i.d., Teflon tube

that was used to deliver dosing solutions, was placed in the

center of the trench and simulated one perforation in PVC perfo-

rated pipe typically used for dosing wastewater. This tube was

installed in the trench when the sand was packed into the
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container and was attached outside of the container to a dosing

pump, activated by a timing switch, used to pump the dosing

solution (tapwater or effluent) from a 40-L supply tank.

Soil gas samplers, as shown in Figure 3, were installed in

ports above and to the sides of the gravel trench when the sand

was packed in the container. Gas sampler locations and distances

from the drainfield are shown in Figure 4. The samplers consisted

of fritted-glass gas dispersion tubes with an approximate air bub-

bling pressure less than 10 kPa. The sensitivity of the apparatus

used to determine the air bubbling pressure decreased significant-

ly below 10 kPa so that an exact value could not be obtained. The

stem portion of the samplers was protected with a stainless-steel

sleeve. Tubing was attached to the ends of the samplers and

clamped except during sampling.

Sixteen "pencil" tensiometers were also installed in ports in

the container, seven near gas samplers and nine below the gravel

trench. The tensiometers were based on a design by Fermanich "

(1988) and were a porous ceramic cup attached to one end of a

glass Y-tube. At the other two ends of the tube were an air trap

and transducer, respectively. The tensiometers were installed in

the soil after the container was filled with sand and were filled

with de-aired water.
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System Operation

In the first part of the study, tapwater was added to the

drainfield. Tapwater (groundwater used as a source of drinking

water for Madison, WI) was monitored for nitrates and VOCs using

approved methods and the concentrations of both were below detec-

tion limits (USEPA, 1984; APHA, 1985). Tapwater was kept in a

40-L supply tank that was attached to the dosing pump and was re-

supplied twice weekly.

-l
A tapwater and bromide (0.01 mol L KBr) solution was pre-

pared in a 250-mL flask. Bromide was used to trace the movement

-l
of water through the drainfield. Calcium as CaCl2 (0.01 mol L )

was also added to the flask to prevent the dispersion of fines in

the soil in the drainfield. Tapwater-VOC-bromide solutions were

prepared in a 500-mL flask and the same concentrations of bromide

and calcium used in the tapwater and bromide solution were also

added.

Tapwater was fed into the trench in the drainfield from the

40-L supply tank connected to the dosing pump. The trench in the

drainfield was dosed with 250 mL of tapwater four times per day

for the duration of the experiment. This is equivalent to a

-i -l -2design loading rate of 5.0 cm day (1.2 gal d ft ) for

drainfields installed in Plainfield sand. The trench was dosed

with tapwater at 8:00 am, 11:00 am, 2:00 pm, and 5:00 pm everyday

for the first half of the study.
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-l
Tapwater and bromide (0.01 mol L KBr) were added after

hydraulic steady-state conditions were obtained in the model, when

the sum volume of leachate collected at the base of the model

approximately equalled the sum volume of tapwater (1 L) added to

the trench. The tapwater and bromide solution was added to the

trench in place of the 8:00 am dosing of tapwater on 1 day. This

solution, as well as bromide and VOC tapwater or septic tank

effluent solutions for subsequent experiments, was delivered to

the trench via a 1-L glass burette attached above the model to the

same end of the feedline tube that was temporarily disconnected

from the dosing pump. This experiment lasted for 21 days at which

time bromide concentrations in the leachate were at analytical

detection limits. This experiment was followed by adding tap-

water-VOC-bromide solutions to the trench. Each of these experi-

ments lasted 21 days when VOC and bromide concentrations at all

sampling locations were at or below analytical detection limits.

In the second part of the study, septic tank effluent was

added to the drainfield. The septic tank effluent used in this

study was collected twice a week from the second of two septic

tanks connected in series at a single household. The septic tank

effluent was kept in a 40-L supply tank connected to the dosing

pump and was resupplied twice weekly. It was determined that the

quality of wastewater kept at 13°C did not degrade significantly

during the 3- to 4-day standing period in the 40-L supply tank.

The septic tank effluent was monitored for VOCs and at one time



58

-l
contained 27 Mg L toluene. The source was probably a solvent

glue used to repair a household plumbing fixture. The septic tank

effluent was also monitored for common wastewater parameters, as

will be discussed later.

A solution of septic tank effluent and bromide (0.01 mol L

KBr) was prepared the same as the tapwater and bromide solution

was prepared except that it was made in septic tank effluent.

Septic tank effluent-VOC-bromide solutions were prepared the same

as the tapwater-VOC-bromide solutions except that they were pre-

pared in septic tank effluent. Calcium was not added to either

septic tank effluent solutions.

Septic tank effluent was added to the drainfield after tap-

water-VOC-bromide experiments were completed. VOC and bromide

concentrations in leachate were at detection limits. The

hydraulic flux in the model was never interrupted. Thus, septic

tank effluent was added immediately after tapwater. The trench

was dosed with the same volumes of liquid and at the same fre- "

quency and time schedule used in the tapwater experiments. Septic

tank effluent was added to the trench for 1 week and then a septic

tank effluent and bromide solution was added. This experiment was

followed by adding septic tank effluent-VOC-bromide solutions to

the trench. Each of these experiments lasted 21 days. The same

experimental procedures used in tapwater experiments were utilized

in effluent experiments.
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Sampling and Analytical Procedures

Biochemical oxygen demand (5-day BOD), chemical oxygen demand

(COD), total organic carbon (TOC), solids, chlorides, and nitrates

were determined on tapwater leachate, septic tank effluent, and

septic tank effluent leachate. Tapwater was not analyzed for all

of these parameters except for nitrates as mentioned previously.

Samples were stored in plastic bottles until analysis. BOD analy-

sis of samples was started within 24 hours after collection. All

other samples were frozen and thawed at 4°C before analysis. TOC

samples were analyzed using a Dohrmann DC-80 TOC analyzer utiliz-

ing approved methods (APHA, 1985). All other wastewater param-

eters were analyzed using standard methods employed for the analy-

sis of wastewater and soils (APHA, 1985; ASA, SSSA, 1982).

Initially, after adding either tapwater-bromide or septic tank

effluent-bromide solutions to the drainfield, tapwater or septic

tank effluent leachate composite samples were collected from the

bottom of the model at 6, 12, 24, 30, and 42 hours after bromide

addition. This was followed by 24-hour intervals for a total

sampling period of 21 days. Samples were stored in plastic

bottles at 4*C until analysis. All bromide concentrations in

leachate samples were first analyzed using a selective ion elec-

trode (Orion, 1987). Later in the study, due to interferences

from chloride and other anions with the electrode procedures,

bromide in leachate was determined using neutron activation

(Crouthamel, 1975).
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The same sampling and analytical methods used in the above

experiments were also used in the tapwater-VOC-bromide and septic

tank effluent-VOC-bromide experiments. During these VOC experi-

ments leachate samples were analyzed for VOCs. The activated

charcoal in tubes placed between the leachate collection flask and

the vacuum system was analyzed for VOCs. Gas samples were also

collected from soil gas samplers and above the soil surface. The

details of this part of the study are presented in Chapter 4.

During all of these experiments, gas samples were periodically

collected from gas samplers (Figure 3) in the model to monitor

atmospheric gas concentrations in the soil surrounding the trench.

Samples were collected using a gas-tight syringe and injected into

glycerin-filled tubes. The samples were extracted from the tubes

and injected into a Fischer model 1200 gas partitioner and

analyzed using the manufacturer's methods (Fischer Inc., 1979).

Soil tension readings were recorded every hour at each tensi-

ometer installed in the soil in the model for the duration of the

study. Readings were recorded by a data logger and output to

cassette tape and downloaded to computer files. Air bubbles were

periodically removed from the air traps on tensiometers using a

syringe. Batteries used to provide power to the data logger were

periodically replaced when the voltage dropped below 10 V.
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RESULTS AND DISCUSSION

Septic Tank Effluent, Tapwater, and Septic Tank

Effluent Leachate Characteristics

Table 2 lists means and standard deviations for wastewater

characteristics of tapwater leachate, septic tank effluent, and

septic tank effluent leachate. Typical septic tank effluent

characteristics provided by USEPA (1979) are included for

comparison.

Elevated concentrations of nitrate-N were detected in tapwater

leachate. The tapwater leachate collected just after tapwater was

added to the drainfield contained elevated concentrations of

nitrate-N the source was probably fertilizer residue as subsequent

samples indicate that concentrations rapidly decreased with time.

The tapwater dosed into the trench was analyzed for nitrate-N and

concentrations were less than the detection limit. The COD

results for the tapwater leachate followed the nitrates in that

concentrations were higher just after addition of tapwater to the

trench and decreased in later samples. There were no other

unusual results for the tapwater leachate data, shown in Table 2.

Some of the wastewater characteristics of the septic tank

effluent used in this study differ from typical septic tank efflu-

ent characteristics reported by USEPA (1979) (Table 2). The

values in Table 2 reported by USEPA (1979) were averages of hun-

dreds of samples. BOD and COD concentrations were lower and vola-

tile solids were higher in the septic tank effluent used in this
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Means and standard deviations of wastewater characteris-

tics for tapwater leachate, septic tank effluent, and

septic tank effluent leachate.

Septic tank

Tapwater Septic tank Typical septic effluentt
leachate effluent tank effluent leachate

-l---------------- ----mg L

27(1)

59(2)±32 99(4)+21

27(3)±22

138

327 27 (4)±7

l0(4)±ll

Total
solids

Volatile
solids

Susp.
solids

Vol. susp
solids

NH 4-N

TKN-N

Org. -N

NO 3-N

544(2)±272

294(2)±152

1(1)

1(1)

4(2)±l

3(2)±1

18 (4)±25

Conduc -

tivity

1906(4)±350

237 (4)±113

25(4)±12

18 (4)±10

27 (4)±5

33 (4)±7

7(4)+4

1(4)

35

49

45

0.4

3625(4)±472

1079(4)±528Chlorides

1688(4)±466

279 (4)±35

6(4)±5

4(4)+5

3(4)+4

5(4)+6

3(4)±2 -

26 (4)±14

3300(3)+721

725 (3)+189

5
Total 9.3x10 (2)

,, 1 fr-m

<1(2)

Typical septic tank effluent characteristics are provided by

USEPA (1979) for comparison.

Number in parentheses = number of samples.

Table 2.

BOD

COD

TOC
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study compared to USEPA (1979) values. BOD, COD, and volatile

solids results, along with all other parameters for septic tank

effluent used in this study, fall within the range of actual

values reported by USEPA (1979) for all wastewater parameters.

Therefore, the waste characteristics of the septic tank effluent

used in this study were similar to typical septic tank effluent.

As shown in Table 2, septic tank effluent leachate parameters

such as COD, TOC, total solids, suspended solids, volatile sus-

pended solids, ammonium-N, TKN (TKN org-N + NH4-N), organic-N,

chlorides, and total coliform were lower in concentration than the

septic tank effluent. Volatile solids and conductivity were the

same for both. It is assumed that these parameters typically

would remain unchanged. Chlorides in septic tank effluent leach-

ate should be similar to the septic tank effluent as chlorides

should not be retained in sandy soil. The differnce may be due to

the variation in chloride content in the septic tank effluent

caused by the periodic discharge of water softener backwash into

the source septic tank. Nitrate-N was higher in the septic tank

effluent leachate. The decrease in concentration of most param-

eters in the septic tank effluent leachate indicates that treat-

ment occurred in the unsaturated soil under the drainfield. The

same trends are reported for ammonium-N and nitrate-N and coliform

in a review of onsite disposal systems by Reneau et al. (1989).

As illustrated in Table 2, high NH4-N was detected in the

effluent compared to N3 and high NO- was detected in effluent
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leachate compared to NH4-N. This suggests that nitrification

occurred in the soil beneath the trench. Walker et al. (1973)

reported the same results in field studies of a soil absorption

system in Plainfield sand. Walker et al. (1973) found that soil

absorption systems in sands added significant quantities of NO3-N

formed by nitrification of NH4-N to underlying groundwater. The

concentration of nitrate-N detected in effluent leachate collected

95 cm (approximately 3 ft) below the trench exceeds the USEPA

drinking water standard of 10 mg L
- nitrate-N. The response of

NH4- and NO3-N in the model soil absorption system was similar to

in-situ systems.

The composition of gas samples collected from soil gas sam-

plers above and below the trench averaged 22% 0 78% N and

trace quantities of CO2 and remained unchanged throughout the

study. The composition of gases was the same as that found in

room air and similar to the composition of gases Mahuta (1991)

found beneath a 2-dimensional model drainfield. The composition

of gases was also similar to those found beneath the crust of

drainfields in sands (Walker et al., 1973). This suggests that

the model behaved similarly to an in-situ soil absorption system.

These conditions in addition to soil tension data (to follow)

indicate that unsaturated conditions existed in the soil beneath

the drainfield and provided a suitable environment for nitrifi-

cation.
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Bromides

Only samples collected from each of the first VOC-tapwater-

bromide and VOC-septic tank effluent-bromide experiments were

analyzed for bromide due to analytical costs of neutron activa-

tion. As shown in Figures 5 and 6, breakthrough of bromides in

leachate occurred in the tapwater experiment in approximately 1.50

(± 6 hours) days and in the septic tank effluent experiment

approximately 0.63 (+ 6 hours) day after addition. As shown in

Figure 5, maximum concentrations of bromides in leachate for both

experiments ..occurred approximately 2.5 days (+ 12 hours) following

addition of bromide, after which concentrations decreased to near

detection limits in 21 days. Thus, bromide for both tapwater and

septic tank effluent experiments was transported 95 cm from the

bottom of the drainfield to the leachate collection system.

An estimated travel time (time it would take for water to move

vertically 95 cm from the bottom of the trench to the leachate

collection system) of 3.8 days was determined utilizing a plot of

capillary (unsaturated) conductivity vs. suction for a Plainfield

sand provided by Black et al. (1969). An unsaturated conductivity

of 25 cm day- was selected from the plot of conductivity vs.

suction based on a soil tension of 3.6 kpa (average soil tension

beneath the drainfield, data to follow). The difference between

the transport time of bromide and estimated travel time of water

through the model soil absorption system was small. This suggests
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Figure 5. Bromide in leachate in days after addition for
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that bromide traced water movement through the model soil absorp-

tion system.

Bromide recovery for the tapwater experiment was 91.46% and

for the septic tank effluent experiment 100.82%. Nearly all bro-

mide added was recovered in leachate and was not retained in the

soil or lost. Thus, it is assumed that it would take approxi-

mately 2.5 days for water discharged into the drainfield to be

transported 95 cm and be collected as leachate.

Soil Moisture Tension

Soil tension data were collected continuously throughout the

study. Soil tensions were monitored above and to the sides of the

drainfield and were related to moisture conditions in the soil.

In general, soil tensions in the model soil absorption system

remained unchanged throughout the study. Some tensiometers oper-

ated in early experiments and malfunctioned later in the study.

The malfunctioning may have been due to transducer or data logger

low battery voltage or failure of the transducers.

Soil tensions are provided in Figure 7 for the first 48 hours

of the first VOC experiment. Soil tensions ranged from 3.4 to 10

kPa. Tensiometers Tr 16, 15, and 12 malfunctioned throughout the

entire study. The tensions shown in Figure 7 for these tensi-

ometers are much lower, indicating near saturation conditions

which are assumed to be incorrect. As shown in Figure 7, the

three tensiometers located above the drainfield, Tr 20, 5, and 6

had the highest soil tensions. Tensions ranged from approximately
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5 to 10 kPa.- The tensiometer located just above the drainfield

had the highest tension. This indicates that drier soil condi-

tions existed above the drainfield than at other locations in the

soil.

Soil tensions were lower at the sides of the drainfield than

further to the sides. Tensions ranged from approximately 4 to 5

kPa just to the right and left of the drainfield, Tr 17 and 21,

respectively, to 5.5 to 6 kPa, Tr 8 and 4, respectively, further

away. The soil moisture was greater right near the drainfield

than further away. The greatest fluctuations in soil tensions

were observed in the tensiometers located nearest the drainfield,

Tr 17, 21, and 14, which reflected the dosing of tapwater or

septic tank effluent into the trench in the drainfield. When

comparing tensions on both sides of the drainfield, the response

was similar.

Soil tensions just below the drainfield, Tr 14, were higher

than those further down in the soil absorption system. This is

probably due to the rapid infiltration of water from the point of

discharge in the trench to further down in the soil absorption

system. Soil tensions were lower in the lower portion of the soil

absorption system indicating wetter soil. Thus, soil moisture

gradients were observed in the sand in the model soil absorption

system.

Average soil tensions were determined for all experiments for

each tensiometer and are shown in Figure 8. The average tension
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just beneath the trench was 3.7 kPa. This tension is a little

higher than subcrust tensions determined by Bouma (1975) beneath

two drainfields installed in Plainfield sand. Tensions ranged

from 2.3 to 2.4 kPa beneath 12- and 5-year-old sites, respective-

ly. Side-wall data were not provided by Bouma (1975). Thus, soil

tensions beneath the drainfield in the model soil absorption sys-

tem were similar to field measurements taken beneath drainfields.

Soil samples were collected from each tensiometer location

immediately after the last experiment and volumetric water content

was determined. Soil tensions were determined using the water

retention curve for a Plainfield sand (approximate C-horizon) pro-

vided by Black et al. (1969). The results are given in Figure 9.

Most of the tensions of soil samples, shown in Figure 9, col-

lected near each tensiometer were higher, indicating drier soil

conditions, compared to average tensions reported by the tensi-

ometers, as shown in Figure 8. The relations of tensions at dif-

ferent locations were similar for tensiometers. The highest -

tensions were above the drainfield and lower tensions were below

the drainfield where the moisture content should be greater. As

shown in Figure 9, there was a symmetric response in soil tensions

in the soil absorption system on either side of the trench.

Average soil tensions for each tensiometer (Figure 8) were

applied to the moisture retention curve given by Black et al.

(1968) for a Plainfield sand (approximate C-horizon) to obtain

volumetric moisture content. The volumetric moisture contents
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were used to determine percent saturation. A porosity of 0.43
-3

(based on a packed bulk density of 1.50 gcm ) was used to

determine percent saturations. The percent saturation of soil in

the soil absorption system ranged from approximately 12% above the

drainfield to 50% in the bottom of the soil absorption system.

This indicates that the soil in the model was maintained under

unsaturated conditions throughout the duration of the study. The

8 kpa suction applied in the vacuum chamber beneath the stainless-

steel porous plate was great enough to maintain unsaturated condi-

tions.

CONCLUSIONS

The septic tank effluent added to the model was treated in the

95 cm separating the bottom of the drainfield and the leachate

collection system. The exception was nitrogen, in that the

ammonia contained in the septic tank effluent was nitrified to

nitrate in the soil beneath the drainfield and not removed in the

soil absorption system. Nitrate-N detected in the leachate was

-Lapproximately twice the groundwater standard of 10 mg L NO3-N:

This response is not unusual in that it is believed that soil

absorption systems in the field contribute nitrate-N to ground-

water. Thus, the soil absorption system model simulated a field

system with regard to wastewater treatment.

The travel time of bromide through the model was similar to an

estimated travel time based on data provide by Black et al (1969).

Thus, bromide added to tapwater and septic tank effluent traced
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water movement through the model soil absorption system. The

retention time of septic tank effluent through 95 cm of vertical

flow was assumed to be 2.5 days.

Soil tensions were greatest above and to the distant sides of

the trench. Tensions were lowest beneath the drainfield. The

greatest fluctuations of soil tensions occurred directly beneath

and at the sides of the drainfield. Thus, soil moisture gradients

existed in the sand in the model soil absorption system. Soil

tensions also indicate that symmetry existed between tensions on

both sides of the soil in the model. Soil tensions just beneath

the drainfield were similar to in-situ subcrust tensions reported

by Bouma (1975). Soil tensions indicate that unsaturated condi-

tions were maintained in the model soil absorption system through-

out the study. Therefore, the model simulated unsaturated condi-

tions that may exist beneath a soil absorption system installed in

Plainfield sand.

The soil absorption system model used in this study was a

realistic representation of an in-situ system based on septic tank

effluent leachate characteristics, bromide transport and recovery

and soil tensions in the model. Therefore, the VOC data collected

from this model will be representative of in-situ soil absorption

systems.
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CHAPTER 4

Fate of Volatile Organic Chemicals (VOCs)

Above and Below a Drainfield

P.A. Sauer and E.J. Tyler
2

ABSTRACT

The fate of three volatile organic chemicals (VOCs)--toluene,

chloroform and 1,1,1-trichloroethane (TCA)--was determined in

unsaturated sandy soil above and below a laboratory-scale cross-

section of a drainfield. The experimental system was dosed with

tapwater, tapwater with VOCs, septic tank effluent, and septic

tank effluent with VOCs, each with bromides.

First detection and maximum VOC gas concentrations in and

above the soil surface were detected within 0.25 day and fell from

maximum to analytical detection limits within 5 days after their

addition. There were no differences in VOC gas concentrations

between tapwater and septic tank effluent.

Breakthrough, at 95 cm below the drainfield, of leachate con-

taining VOCs occurred at 0.13 to 0.63 day and before bromide.

Research of the College of Agricultural and Life Sciences with

support from the Wisconsin Department of Natural Resources and

the Small Scale Waste Management Project.

2Research Assistant and Associate Professor, respectively, Dep.

of Soil Science, Univ. of Wisconsin-Madison, Madison, WI 53706.
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Maximum concentrations of VOCs occurred at 0.50 to 2.17 days and

decreased to detection limits in 11 days. VOC concentrations in

leachate did not exceed Wisconsin Department of Natural Resources

groundwater enforcement standards. Except for TCA and toluene

added at 20 mg L -I
, concentrations in leachate were lower for

septic tank effluent.

Total recovery of TCA and chloroform was consistently greater

than toluene and primarily in the leachate and soil gas. The non-

recoverable VOC (especially toluene) may have been degraded.

Total recoveries for the 40 mg L - experiment were lower than the

40 mg L - tapwater experiment, which suggests that greater degra-

dation of VOCs occurred in the drainfield-fed septic tank effluent

-l
with 40 mg L VOCs.

Based on these experiments, VOCs added to a soil absorption

system installed in a Plainfield sand travel rapidly through the

soil above and below the point of infiltration where they are

potential pollutants. It is assumed that some degradation of VOCs

will occur in soil absorption systems installed in sandy soils.

INTRODUCTION

Volatile organic chemicals (VOCs), such as toluene, chloroform

and l,l,l-trichloroethane, are characterized by high vapor pres-

sures and fairly low solubilities in water, are in some household

products such as toilet bowl cleaners, paint thinners and de-

greasers (Hathaway, 1980). These substances are priority
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pollutants as defined by EPA (Davis and Cornwell, 1985) and may

not be treated in septic tank/drainfield systems and may impact

the soil and groundwater. Few studies have determined the fate of

VOCs in septic tank/soil absorption systems and all have neglected

the unsaturated soil encircling a properly-sited drainfield.

Ridgley (1982) found 1,4-dichlorobenzene, di-octyl phthalate,

and toluene in all samples collected from septic tank septage.

Twenty-two organic substances including chloroform, toluene, tri-

chloroethene, and dichlorobenzenes were identified in domestic

septic tanks by Tomson et al. (1984). The authors attributed the

presence of these contaminants to commercially-available products

used in the households.

DeWalle et al. (1985) studied a community septic system. The

majority of compounds detected were hydrocarbons including ali-

phatic and aromatic substances. Dichloromethane was detected in

all samples of raw sewage and septic tank effluent. Concentra-

-l

tions in the effluent ranged from 0.37 to 44.4 pg L . Toluene

was detected in almost all raw sewage and effluent samples. Con-
-l

centrations in the effluent ranged from 22.2 to 56.9 
pg L1.

There was essentially no removal shown of the detected pollutants

during the 2-day retention period in the septic tank. It was also

noted that there were higher concentrations of priority pollutants

in septic tanks during weekends when people are more likely to be
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using household cleaners and doing repairs involving paint

thinners and cleaners.

Tomson et al. (1984) studied the groundwater beneath 10 septic

systems. The concentrations of some of the VOCs detected were

about 20 times higher in the septic tank than in the groundwater.

Some VOCs were detected up to 200 feet away from the drainfield in
-l

sandy soils at concentrations of <0.1 pg L . The authors note

that a 6- to 9-m separation between the bottom of a leaching sys-

tem and groundwater is not sufficient for VOC removal especially

in sandy soils. However, the authors did not offer an explanation

for the 20-fold losses in the soil beneath the drainfields.

Greer (1987) studied the septic systems at six sites including

small communities and mobile home parks. Septic tank effluent

samples were analyzed for 45 VOCs. VOCs were detected in samples

-l
from all of the sites. Toluene (a maximum of 200 Ag L ) was

detected most frequently in all of the samples, followed by

p-dichlorobenzene (maximum of 39 Ag L-1), xylenes (maximum of 28

pg L-1), ethylbenzene (maximum of 4.4 pg L-1), chloroform (maximum

of 2.5 pg L1), and l,l,l-trichloroethane (maximum of 19 yg L-)

along with a number of other VOCs.

Greer (1987) also studied the groundwater beneath four of

these sites; three VOCs were detected at two of these sites. At

one site, l,l,l-trichloroethane (TCA) was detected but this system

was put into use just prior to the investigation. It is believed

that because the TCA was not detected in the effluent the compound
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may be the result of solvent cement used during the construction

of the system. At another site, chloroform and p-dichlorobenzene

were detected in monitoring wells at concentrations of 1.4 and 2.6

pg L-1, respectively, which is less than Wisconsin groundwater

standards. Both of these compounds were also detected in effluent

samples at much higher concentrations. Greer did not offer data

or an explanation for the losses between the septic tank and

groundwater.

Thus, VOCs are found in private and community septic tanks and

the groundwater beneath soil absorption systems. Little is

understood about VOC degradation in the unsaturated zone. The

following study will pursue the fate of VOCs in the unsaturated

zone above and below a laboratory-scale model of drainfield.

MATERIALS AND METHODS

A cross-section model of a drainfield in C-horizon Plainfield

loamy sand (mixed, mesic, Typic Udipsamment) was constructed to-

simulate a domestic soil absorption system. The model was con-

structed in a stainless-steel container (Figure 1). All materials

used in the construction of the model do not contain or react with

VOCs. The top of the container was covered with an overlapping

stainless-steel cover. A stainless-steel tube was connected to

the top left side of the container for sampling the gases above

the soil surface. The container was constructed with soil gas
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sampler and tensiometer ports and a 2-pm pore-sized porous

stainless-steel plate across the funnel-shaped base.

The vacuum chamber beneath the porous stainless-steel plate

was connected to a vacuum-leachate collection system that con-

sisted of a leachate collection flask attached by tubing 
to the

bottom of the container and to a vacuum tube (Figure 1). The

vacuum tube was attached to a vacuum regulator connected to a

vacuum reservoir maintained by a vacuum switch-controlled pump.

An 8 kPa tension was applied to the vacuum chamber beneath the

stainless-steel porous plate in the container for the duration of

the study to maintain unsaturated soil conditions. VOCs that

volatilized because of the reduced partial pressure during leach-

ate extraction were collected on an activated charcoal sampling

tube.

Sand at 1% volumetric moisture content was packed in the con-
-3

tainer to a bulk density of 1.5 g cm . The trench, consisting of

washed, sieved gravel (4 to 12.5 mm), was covered by a geotextile

and installed when the sand was packed in the container. A

TeflonR tube used to deliver tapwater and septic tank effluent

solutions was placed in the center of the trench. The trench was

covered with 30.5 cm of Plainfield sand. There was a 95-cm

(approximately 3-foot) distance between the bottom of the trench

and the stainless-steel porous plate at the bottom of the model.

Wisconsin plumbing code (ILHR83, 1985) requires 92 cm (3 feet) of
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separation between the bottom of the trench and a limiting feature

such as groundwater for soil absorption systems.

Soil gas samplers were installed through the ports in the

stainless-steel container while the container was being packed

with sand and were held in place with SwagelokR fittings. The

samplers consisted of fritted glass gas dispersion tubes, the stem

portion covered with a protective stainless steel tube. Tubing

was attached to the stem end of the sampler and clamped except

during sample collection. Sixteen "pencil" tensiometers used to

monitor soil tensions in the soil in the model were installed in

ports in the container and placed at each gas sampler and below

the drainfield lower in the soil absorption system (Figure 1).

In the first part of the study, tapwater was added to the

drainfield. In the second part of the study septic tank effluent

(henceforth, the term effluent will be used in place of septic

tank effluent) was added to the drainfield. Tapwater (groundwater

used as a drinking water supply for Madison, Wisconsin) quality .

was monitored and found to contain no VOCs. The effluent was

monitored and found to be of typical household quality except that

-l
it at one time contained 27 pg L toluene, probably a solvent

glue used to repair a household plumbing fixture.

Toluene, chloroform, and l,l,l-trichloroethane were used in

this study because they were identified as the most commonly found

or found in highest concentration in septic tanks or the ground-

water beneath soil absorption systems (Tomson, 1983; DeWalle,
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1985; Greer, 1987). Table 1 lists the characteristics of the

three VOCs.

VOCs were periodically added with tapwater or effluent to the

drainfield. Solutions of tapwater and VOCs were prepared in a

-l
500-mL flask. KBr (0.01 mol L ) was also added to the flask

-l
along with CaCl2 (0.01 mol L ). Bromide was used as a tracer of

water movement through the soil and calcium was added to prevent

the dispersion of fines in the soil. Solutions of effluent and

VOCs were prepared the same way except that they were prepared in

septic tank effluent and it was not necessary to add calcium. All

solutions containing VOCs were prepared I hour prior to their

discharge into the trench in the drainfield.

Tapwater was first added to the drainfield. The drainfield

was dosed with 250 mL of tapwater four times per day during the

first part of the study (this is equivalent to a design loading

-i
rate of 5 cm d ). VOC and tapwater solutions were added after

hydraulic steady state conditions were obtained in the model or

when the total volume of leachate collected in 1 day at the base

of the model equalled the total volume of tapwater (1 L) added to

the drainfield in 1 day. A 250-mL aliquot of the VOC and tapwater

solution was added to the drainfield in place of the first of four

dosings of tapwater of the day. The remaining 250 mL of VOC solu-

tion was analyzed to determine actual VOC concentration. These

samples were stored at 4°C and analyzed within 14 days using

USEPA-approved methods (USEPA, 1984). Each tapwater-VQC
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Table 1. Characteristics of toluene, chloroform, and 1,1,1-tri-
chloroethane (CRC, 1978; Mackay and Shiu, 1990).

Characteristic Toluene Chloroform 1,1, 1-trichloroethane

Molecular weight,

g mol-1  92.2 119.2 133.4

Density, g cm 3  0.87 1.48 1.39

Water Isolubility,
mg L 515 8000 730

Vapor pressure, Pa 3800 21320 13300

Log KOW 2.69 1.97 2.49

Henry's Law3con- I
stant, Pa m mol 680 319 2430

Air-water partition
coefficient 0.272 0.150 0.704

4.
1Octanol-water partition coefficient.
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experiment lasted for 21 days when VOC and bromide concentrations

at all sampling locations were at or below analytical detection

limits.

Effluent was added to the drainfield after tapwater-VOC exper-

iments were completed. The hydraulic flux in the model was never

interrupted; effluent was added immediately after tapwater. The

drainfield was dosed with the same volumes of liquid (effluent) at

the same frequency and time schedule used in tapwater experiments.

Effluent was added to the trench in the drainfield for 4 weeks and

then effluent and VOC solutions were added to the trench in the

drainfield. The same experimental procedures used in tapwater

experiments were utilized in effluent experiments.

A preliminary test was conducted to establish tapwater and

septic tank effluent VOC solution concentrations. A 1 mg L VOC

and tapwater solution concentration was first selected based on

septic tank sampling studies conducted by DeWalle et al. (1985)

and Tomson et al. (1984) and in column studies conducted by Wilson

et al. (1981). The 1 mg L - VOC and tapwater solution was added

to the trench in the drainfield. Gas and leachate VOC concentra-

tions were at analytical detection limits. Thus, the VOC and tap-
-i

water solution concentrations were 
increased to 20 and 40 mg L1.

Actual concentration of VOCs added during this study are in

Table 2. The difference between target (the concentrations at

which the standards were prepared) and actual VOC concentrations

can be attributed somewhat to calibrating the micro-pipetter used
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Table 2. Tapwater and effluent VOC solution con-
centrations.

Target VOC's
concentration Toluene Chloroform TCA

mgL-mg L

Tapwater

1 0.56 0.73 0.39

20 14.00 16.00 13.00

20 11.00 17.00 18.00

40 23.00 24.00 34.00

Effluent

20 17.00 15.20 15.40

20 22.00 18.20 20.00

40 64.00 52.00 49.00
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to prepare VOC solutions with water instead of the VOCs. Other

factors that may have contributed to differences may have been the

pre-analytical storage conditions and holding times of VOC

samples. Anderson et al. (1991) suggests that chemical losses may

occur in VOC samples stored at 4*C for a holding period up to 14

days, in accordance with USEPA protocols. The higher actual con-

centrations for the 40 mg L- 1 experiment are unexplained. The

actual concentrations are used in reporting data. Target concen-

trations are used to describe the experiments.

Sampling Procedures

Sampling procedures and locations used to monitor VOC and

bromide transport through the soil in the model are listed in

Table 3.

Soil Gas Sampling and Analysis

Gas sampling methods utilized were based on studies that used

this methodology to monitor VOCs in the unsaturated zone. Gas

sampling was used to assess the extent of soil and shallow ground-

water contamination from leaking underground storage tanks or

other contaminant sources (Reid et al., 1985; Wallingford et al.,

1988). The method relies on the volatility of the compounds,

partitioning of VOCs from liquid phase to gas and the vapor

diffusive transport of VOCs through the soil (Silka, 1988).

VOC gas samples were collected on 150 mg of activated charcoal

in tubes placed in-line between the gas sampler and an OSHA-

approved air sampling pump. Air sampling pumps used for all
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Table 3. Sampling procedures and locations used during the study

(see Figure I for locations on the model).

Sample location Type of sample Sampling equipment

Soil gas Vapor phase, soil gas Air sampling pump

(soil gas above and to the sides and activated

samplers) of the trench (VOCs) charcoal tubes

Gas above soil Vapor phase, gas con- Air sampling pump

surface tained in model above and activated
the soil surface charcoal tubes
(VOCs)

Leachate Liquid phase, soil 500 mL glass leach-
water collected from ate collection

beneath the model flask, 40-mL vial

(VOCs and Br)

Leachate-line Vapor phase, VOCs Activated charcoal
that volatilized from tubes in vacuum

leachate lines
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experiments in this study were calibrated using an Omega flow

meter. To determine sample volume, pumping rate and time, gas

samplers were placed in sealed containers with Plainfield sand at

different moisture contents (0 = 0.10 to 0.30) dosed with the

three VOCs (I to 50 mg L - ) used in this study. Gas samples were

collected from each of these containers under varying pumping

rates (12 to 100 mL min- ) and times (5 to 130 min) to determine

when the charcoal would retain most of each of the VOCs (not

exceed the sorptive capacity of the activated charcoal in the

tubes) and moisture would not accumulate in the tubes.

Based on tensiometer measurements, soil moisture content at

each sampler was constant throughout the study. The moisture

content affects the degree of partitioning from liquid to gas

phases and was used to determine the volume of air-filled soil

pore space to be sampled. Soil gas volumes of 3.7 L were col-
-l

lected for 62 minutes at a pumping rate of 60 mL min from each

sampler.

For most of the study, gas samples were collected at the start

of the experiment 6 hours after VOC addition and then daily for

the first 5 days, followed by every 2 to 4 days thereafter for 21

days. Because of analytical costs, gas samples were collected on

a less frequent basis later in the study. Activated charcoal

tubes (blank samples) exposed to the air outside the model during

each sampling period (includes sampling during collection of soil
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gas and gas above soil surface samples) for each experiment, were

analyzed along with the soil gas samples.

All soil gas, gas above the soil surface, leachate-line and

blank samples were frozen until extraction. After thawing, VOCs

were desorbed in carbon disulfide and the solution was refriger-

ated until analysis. Separate extractions were made of inlet and

outlet charcoal in the tubes to confirm that the sorptive capacity

was not exceeded. The results of both sections were added to-

gether. Samples were analyzed within 14 days after sample collec-

tion. A Hewlett Packard 5890 gas chromatograph with a flame

ionization detector was utilized for sample analysis using OSHA-

approved methods (OSHA, 1990) at the Wisconsin State Laboratory of

Hygiene (Occupational Health branch) a USEPA, OSHA certified

laboratory.

Gas Sampling and Analysis Above the Soil Surface

Gas samples from above the soil surface were collected on 150

R
mg activated charcoal in tubes placed in between the Tygon tubing

and air sampling pump. The tubing was clamped shut except when

sampling. A sampling volume of approximately 22 L, which is the

estimated air volume above the soil surface in the model, was

used. Samples were collected for 44 minutes at a rate of 0.5 L

min - . The sampling rate is higher than that used for the soil

gas samples because moisture build-up would not occur in the

sampling tubes.
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For each experiment, after VOCs were added to the drainfield,

gas samples were collected from above the soil surface once per

day for 21 days. One tube was used to collect 2-day samples. The

results for each tube were averaged between both sampling days.

Due to analytical costs in later experiments, samples were col-

lected on a less frequent basis.

Soil Leachate Sampling and Analysis

Initially, after adding the VOC and bromide dosing solutions

to the drainfield, leachate composite samples were collected from

the bottom of the model 6 and 12 hours after VOC addition. Sam-

ples were then collected every 24 hours for 15 to 17 days, then

once every 3 to 4 days thereafter for a total sampling period of

21 days. Leachate samples for VOC analysis were collected on a

less frequent basis in later experiments based on trends observed

earlier in the study.

Samples of 200 mL for VOC analysis were poured from the 500 mL

leachate collection flask (Figure 1), without bubbling or splash-

ing, into vials fitted with TeflonR septums and screw caps. The

samples were refrigerated at 4°C until analysis and analyzed

within 14 days after sample collection. Samples for bromide

analysis were also taken from the 500-mL flask and refrigerated in

plastic bottles until analysis. Trip blanks, which were contamin-

ant-free water, accompanied VOC samples submitted to the labora-

tory and were analyzed along with the leachate samples.
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VOC samples of leachate were analyzed at Hazleton Laboratories

of Wisconsin, a certified laboratory utilizing USEPA-approved

methods (USEPA, 1984), by purge and trap using a Hewlett Packard

gas chromatograph. However, samples were periodically analyzed

using gas chromatography mass spectroscopy (gc-ms) to monitor for

degradation products or other substances. Leachate samples were

periodically divided and one sample was sent to Hazleton Labora-

tories and the other to another certified laboratory. This was to

check the precision of Hazleton's analytical methods. Leachate

samples were analyzed for bromide first using a selective elec-

trode method (Orion, 1987), which was replaced by neutron acti-

vation (Crouthamel, 1975) due to chloride plus other anion inter-

ferences found in the leachate. Bromide analysis by neutron acti-

-i

vation was conducted on the first 20 mg L tapwater and effluent

leachate samples.

Leachate-line gas samples were collected using 600 mg of acti-

vated charcoal in tubes placed in the vacuum line connecting the

leachate collection flask to the vacuum regulator. A larger tube

was used in this case because the volume sampled was larger. The

tubes were used to trap VOCs volatilizing from the leachate and

were changed every 1 to 3 days and frozen until analysis.

Soil Samples

Soil samples were collected from throughout the soil in the

model following the final experiment to determine if any of the

VOCs were retained in the soil. A stainless-steel soil probe was
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used to collect samples from the model. Soil was removed from the

top half of the model in order to collect samples lower in the

model. The samples were split into two glass containers, one con-

taining methanol and the other without preservative but the con-

tainer was filled so there was no headspace. The samples were

analyzed utilizing the same gas chromatographic methods used for

the leachate samples.

RESULTS AND DISCUSSION

Soil Gas

The results for the two 20 mg L- tapwater experiments were

averaged, likewise the two 20 mg L effluent experiments were

averaged. VOCs were not detected in blank samples analyzed with

all gas samples. The sorptive capacity of the charcoal in tubes

used for almost all experiments was not exceeded. In the 40

-l
mg L effluent experiment, the sorptive capacity of the charcoal

in some of the tubes used to collect the first samples was exceed-

ed. This may be attributed to the efficiency of some of the air

sampling pumps used during the experiment.

The three VOCs were detected in soil gas samples for all

experiments. Chloroform and TCA were usually found at concentra-

tions higher than toluene. As shown in Table 1, TCA and chioro-

form have greater vapor pressures and densities than toluene and

may behave differently in a soil absorption system. Soil gas VOC

concentrations ranged from below detection limits of 0.01 mg L -I'
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-l
to 51.5 mg L . These concentrations are much higher, although

the sampling distance from the contaminant source was much smaller

than VOCs detected in a soil gas survey conducted at a leaking

underground gas tank site (Wallingford, 1988).

As illustrated in Figure 2, after 0.25 day of VOC addition to

the trench, maximum concentrations of all VOCs decreased and were

near analytical detection limits within 5 days. VOCs moved

rapidly from the point of discharge in the trench to throughout

the soil.

First detection and maximum concentrations of VOCs occurred

sometime prior to, during, or after the collection of the first

samples for each experiment. Maximum VOC concentrations, as shown

at about 0.25 day in Figure 2, varied among sample locations with-

in each experiment and between experiments. One might attribute

this variation to differences in soil tensions (moisture content)

at the sampling locations. But, soil tensions near each sampler

indicate that there were no major differences found between

samplers except that sampler 5, located just above the trench, had

a higher soil tension (lower moisture content) than the others.

This variation may be due to the sampling efficiency of some of

the sampling pumps, as some had to be replaced during sampling

periods.

In Figures 3 through 6, maximum VOC concentrations are shown

for each VOC at each sample location for the different experi-

ments. The maximum concentrations of each VOC for each sampler
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often were similar. VOCs detected in the 40 mg L- experiments

-l
were higher than the 20 mg L experiments. Also, as shown in

Figures 5 and 6, gas concentrations for the 40 mg L - effluent

experiment were higher than the tapwater. As mentioned previous-

ly, the sorptive capacity of some of the first samples collected

-l
in the 40 mg L experiment were exceeded.

The dissimilarities in gas concentrations between all experi-

ments may be attributed to the differences in actual VOC solution

concentrations as shown in Table 2. It is difficult to compare

effluent and tapwater soil gas results due to the variability in

results between sampling locations and experiments and the obser-

vations shown above.

In general, VOC concentrations in the gas phase are highest at

locations 3, 7, and 8 (Figures 3 through 6). Wallingford et al.

(1988) have shown that the closer that soil gas samples were col-

lected to the source of contamination at a leaking underground

storage tank site the higher the soil gas concentrations. In the

Wallingford study, sampling distances from the source of contami-

nation were much greater (1 to 10 m), compared to this study (7 to

27 cm). Sampler 3 is located just above the trench, and 7 and 8

are just to the left and right of the trench respectively.

The detection of VOCs at soil gas samplers indicates the pres-

ence of gas phase VOCs. However, the transport of VOCs from an

aqueous source through unsaturated soil may be by mass transfer as

a solute in water followed by volatilization to the gas phase
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or by diffusion as a vapor in soil gas (Silka, 1988). Since the

predominant movement of water beneath the trench is assumed to be

in a vertical direction, diffusion may be the prevailing transport

mechanism.

Thus, VOCs may diffuse rapidly through a soil absorption

system in Plainfield sand above and to the sides of the drain-

field. VOC concentrations may be higher closer to the source of

VOCs in a drainfield. TCA and chloroform may be detected in

higher concentrations than toluene in soil gas surrounding a

drainfield in Plainfield sand.

Gas Above Soil Surface

The results for the two 20 mg L experiments were averaged,

-l
likewise the two 20 mg L effluent experiments were averaged.

-l
The results for the 40 mg L effluent experiment are not given as

there were not enough data points to prepare an adequate plot.

The sorptive capacity of the charcoal in all tubes for all experi-

ments was not exceeded.

The three VOCs were detected above the soil surface for all

experiments. As shown in Figures 7 and 8, chloroform and TCA were

found at higher concentrations than toluene. This same response

was observed in soil gas samples.

Concentrations of VOCs detected in gas above the soil surface

-Iranged from below detection limits of 0.001 to 1.32 mg L . First

detection and maximum concentrations of VOCs occurred sometime

prior to, during, or after the collection of first samples for
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each experiment. As shown in Figures 7 and 8, maximum VOC con-

centrations occurred within 0.25 day after addition of VOCs after

which concentrations of all VOCs decreased rapidly and were at

analytical detection limits within 5 days. The same response was

found in soil gas samples.

-l
The 40 mg L experimental maximum concentrations were higher

-l
than the 20 mg L results, as also observed in soil gas results.

It is assumed that this difference is related to the difference in

actual tapwater and effluent VOC solutions concentrations. There

were no major differences found between VOC concentrations in the

atmosphere above the soil in tapwater and effluent experiments.

The detection of VOCs above the soil surface indicates the

presence of gas phase VOCs. Schwille (1988) has shown that

chloroform and TCA added to a dish placed above the soil surface

in a sealed cylinder filled with sand diffused in gas phase

through the soil and were detected in the gas-filled chamber

beneath the soil. As suggested for the soil gas results, dif-

fusion of gas phase VOCs may be the major transport mechanism.

Thus, some loss of VOCs added to a soil absorption system in

Plainfield sand may occur as VOCs diffuse rapidly through soil and

volatilize from the soil surface. TCA and chloroform may volatil-

ize to a greater extent than toluene from the soil surface above a

soil absorption system in Plainfield sand.
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Leachate

The total leachate concentrations of VOCs is the sum of that

in the liquid and that collected as gas. The gaseous VOCs trapped

on the leachate-line charcoal tubes volatilized from the leachate

during sampling (Figure 1).

VOCs were not detected in blank samples and there were small,

if no, differences between all split and duplicate sample VOC con-

centrations. There were no degradation products or other volatile

substances detected. Data in Figure 9 are averages for the two 20

-l -l
mg L tapwater experiments. The first 20 mg L effluent

experimental results are given as there were not enough data col-

-l
lected in the second 20 mg L effluent experiment to prepare an

adequate graph. The data given in Figures 9 and 10 are reported

for the average time period over which the sample was collected.

Concentrations of VOCs detected in leachate (liquid) ranged

-i
from below detection limits of 1.0 to 180 Mg L . As shown in

Figures 9 through 11, all VOCs and bromide were detected in

leachate (liquid). For all experiments, breakthrough of all VOCs

occurred sometime before, at, or after 0.13 to 0.63 day after VOC

addition. First detection of VOCs in gas samples (soil gas and

gas above soil surface) occurred within 0.25 day after VOCs were

added to the trench. It took longer for VOCs to move from the

point of discharge to 95 cm below the trench than it took for VOCs

to be detected at gas sampling locations.
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As illustrated in Figures 9 and 10, maximum concentrations in

leachate (liquid) for all experiments occurred sometime before,

at, or after 0.50 to 2.17 days following VOC addition, after which

concentrations of all VOCs decreased and were at detection limits

in 12 days (7 days later than gas samples). Maximum concentra-

tions at gas sampling locations occurred earlier than in leachate

(liquid).

Toluene and TCA in leachate were at maximum concentrations

earlier than chloroform but at lower concentrations. Chloroform

was also found in highest concentrations followed by TCA and then

toluene. This was generally the case in gas samples. The maximum

concentrations for the 40 mg L VOC experiments were higher than

-l
the 20 mg L tapwater and effluent experiments.

As illustrated in Figure 11, bromide breakthrough occurred

0.63 to 1.50 days after addition. VOCs migrated faster to the

bottom of the model than the bromides. Bromide maximum concen-

trations occurred 2.5 days after addition after which concen-

trations decreased and were near detection limits in 21 days.

Maximum concentrations of bromides occurred later than VOCs

detected in leachate and gas samples. Schwille (1984) has shown

that around a point source of volatile hydrocarbons in soil, an

envelope of gas forms and because of the relatively high density,

the vapors tend to sink and spread out over the capillary fringe.

The formation of VOC gas in the pore space and contact with per-

colating water could then speed the transport of VOCs to the
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water table. Thus, some VOCs could have moved through the soil

beneath the drainfield faster than the bromide (soil water)

because they may have diffused in gas phase to the bottom of the

model and were collected in the leachate.

Maximum concentrations of VOCs detected in the leachate for

all experiments are presented in Table 4, along with Wisconsin

groundwater preventative action limits (PALs) and standards for

the three VOCs used in this study (WDNR, 1988). When a PAL is

reached, some corrective action must be taken. However, enforce-

ment action is not taken unless the standard is exceeded. The

maximum concentrations of toluene and TCA were less than but some

were near the PALs with the exception of TCA for the tapwater

-l
40 mg L experiment which exceeded the PAL. All maximum con-

centrations of VOCs were less than groundwater standards.

-l
As shown in Figure 9, in the 20 mg L experiments, chloroform

concentrations in the effluent were lower than the tapwater. In

-l
the 40 mg L experiments (as illustrated in Figure 10), all three

VOCs in the effluent leachate were found in much lower concentra-

tions than the tapwater. It is assumed that degradation occurred

and was greater in the effluent experiment than the tapwater for

-L40 mg L VOCs. The fact that the effluent VOC solution actual

-lVOC concentrations for the 40 mg L effluent experiment are two

to three times more than the other experiments suggests that even

more degradation occurred.
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Table 4. Maximum concentrations of VOCs detected in leachate.

Groundwater preventative action limits and standards are

provided for comparison.

Experiment

-i
Tapwater 20 mg L VOCs

-1
Tapwater 40 mg L VOCs

-i
Effluent 20 mg L VOCs

-i
Effluent 40 mg L VOCs

NR 140 WI GW PAL

NR 140 WI GW STND

Chemical
Toluene Chloroform TCA

-l
---I - -- --- -g L - - - - - -

19 86 24

57 180 60

27 56 28

10 86 22

69 none 40

343 none 200

6

0
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The author of this paper did not find any literature pertain-

ing to the degradation of VOCs in soil absorption systems. Al-

though, Kaplan and Hartenstein (1979) have shown in laboratory

culture studies that toluene is degraded by some soil microorgan-

isms. Strand and Shippert (1986) have shown that in column

studies where soil slurries were exposed to natural gas in air,

chloroform was oxidized to carbon dioxide. Thus, some degradation

of VOCs added to a soil absorption system may occur in the soil

beneath the drainfield and may be enhanced by the addition of

septic tank effluent to the drainfield.
-l

Leachate-line results for 20 mg L tapwater and effluent
-i

experiments are shown in Figure 12. The 40 mg L results are not

given as the response is similar except the concentrations are

higher. All three VOCs were detected on the tubes for all exper-

iments. Chloroform and TCA were detected in higher concentrations

than toluene, which compares with leachate and gas sample results.

Concentrations of VOCs detected in leachate-line samples for

all experiments ranged from detection limits of 0.001 to 1.97 mg

per sample. As illustrated in Figure 12, after reaching the maxi-

mum, concentrations of all VOCs decreased and were near analytical

detection limits within 5 to 7 days. First detection and maximum

concentrations of VOCs in leachate-line samples varied in time and

between VOCs. Composite samples were collected so it is difficult

to determine precise first detection and maximum concentration

times. Breakthrough (first detection) and maximum concentrations
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of VOCs occurred earlier in leachate and gas samples. The detec-

tion of VOCs in leachate-line samples suggests that VOCs volatil-

ized out of the leachate due to the partial pressure exerted in

the vacuum chamber during leachate extraction.

The detection of VOCs in leachate and leachate-line samples

suggests that VOCs were not removed during 95 cm of transport from

the drainfield. Silka (1988) suggests that the transport of VOCs

from a source through unsaturated soil is governed by mass flow

(advection) as a solute in percolating water or by diffusion of

liquid or gas. Thus, VOCs added to a drainfield may be trans-

ported by advection in aqueous phase and also by diffusion in

liquid and gas phases. Gas phase VOCs- may be transported more

rapidly than aqueous solutions through the soil beneath a drain-

field. Some degradation of VOCs may occur in a soil absorption

system in Plainfield sand. Concentrations of VOCs detected in

leachate (liquid) were less than Wisconsin groundwater enforcement

standards. Although, leachate-line results were not included with

the leachate. TCA and chloroform may be found in higher concen-

trations than toluene 95 cm beneath a drainfield in Plainfield

sand.

Soil Samples

VOCs were not detected-in any of the conventionally preserved

samples collected from above, to the sides and below the drain-

field following the last experiment. Two soil samples from near

the bottom and preserved in methanol had TCA of 140 and 81 jsg L-I .
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TCA was retained by the soil following the final experiment and

all of the unaccounted for TCA may not necessarily have been de-

graded. Also, methanol soil sample preservation appears prefer-

able to the conventional non-preserved method for TCA.

Mass Balance

The mass balance for each experiment was calculated based on

the amount of each VOC recovered at each sampling location. The

percent recoveries (given in Figures 13 through 16) represent the

ratio of VOC recovered to that added to the dosing solutions. The

mass balance results for the two 20 mg L
- tapwater experiments

-i

were averaged. The results for the first 20 mg L effluent

experiment are only given as there were not enough samples col-

lected in the second experiment to prepare an adequate mass

balance. In experiments conducted later in the study, when fewer

samples were collected, sampling results for days that were not

sampled were estimated (integrated) based on trends observed in

earlier experiments.

As shown in Figures 13 through 16, the greatest recoveries of

VOCs were in the soil gas and leachate (liquid and vapor). In

Figures 13 through 16, the leachate and leachate-line results have

been added together and are reported as leachate. Higher total

amounts of all three VOCs were collected in leachate-line samples

(vapor) than leachate (liquid). This suggests that a large

portion of VOCs volatilized out of the leachate due to the partial

pressure exerted in the vacuum chamber during leachate extraction.
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A major portion of the added VOCs were found in the gas phase in

the soil surrounding the drainfield and were transported 95 cm and

collected as leachate.

The total recoveries for all experiments for all VOCs were

less than 100%; the recoveries ranged from 23 to 98%. TCA and

chloroform recoveries were consistently greater than toluene at

each sampling location and in the total recoveries. Wilson et al.

(1981) have shown that on the average 40% of the toluene and 7% of

chloroform added to columns containing unsaturated sandy soil was

degraded or not accounted for in VOC recoveries. This suggests

that toluene may have degraded and to a greater extent than the

~-l
two other VOCs. Total recoveries for the 20 mg L effluent

-l

experiment were higher than the 20 mg L tapwater experiment,
-l

whereas total recoveries for the 40 mg L effluent experiment

-l
were lower than the 40 mg L tapwater experiment. Total

recoveries for the 40 mg L - effluent experiment were lower than

-l
the 20 mg L effluent experiment.

It is assumed that the majority of the unaccounted for VOC,

especially toluene, was degraded. But, some of the VOCs such as

TCA may have been retained in the soil as seen in the post experi-

ment soil sample results. The TCA results for some of the soil

samples were not included in the mass balance for the 40 mg L

effluent experiment because the samples collected did not repre-

sent the extent of TCA occurrence in the soil.

6
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Experimental design limitations and/or sampling errors may

have contributed to VOC loss. The model was not completely air-

tight, so VOCs could have escaped from the model. As mentioned

previously, pre-analytical storage conditions and holding times in

accordance with USEPA protocols may have also contributed to VOC

losses in samples.

Thus, it is assumed that some degradation of VOCs may occur in

a soil absorption system in Plainfield sand. Toluene may degrade

more than TCA and chloroform. A large portion of VOCs added to a

soil absorption system in Plainfield sand may be found in gas

phase surrounding the drainfield soon after VOC addition and in

gas and liquid phases 95 cm beneath the drainfield within a day or

so after VOC addition.

CONCLUSIONS

Gas samples collected within and above the soil surface in the

model drainfield indicate that toluene, chloroform and TCA may

have volatilized out of the tapwater and effluent VOC solutions

added to the drainfield. VOCs may have diffused through the soil

in gas phase and volatilized to a limited extent from the soil

surface. Gas sampling techniques used were able to monitor the

transport of gas phase VOCs. Thus, VOCs added to a soil absorp-

tion system in Plainfield sand may diffuse in gas phase through

the soil surrounding the drainfield and may volatilize from the
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soil surface. Gas phase VOCs may also diffuse from the drainfield

to the water table.

Leachate (liquid and vapor) samples collected from beneath the

model indicate that toluene, chloroform, and l,l,l-trichloroethane

were transported 95 cm (approximately 3 feet) through sand from

beneath the drainfield to what could potentially be the water

table. Thus, the discharge, into a drainfield installed in Plain-

field sand, of wastes containing such contaminants could poten-

tially impact groundwater. The concentrations of VOCs detected in

leachate (liquid) 95 cm beneath the drainfield were less than

Wisconsin groundwater enforcement standards.

VOCs were detected in the leachate (liquid) earlier than bro-

mides that were added to the dosing solutions to trace the move-

ment of water through the soil absorption system. It is assumed

that some of the VOCs diffused in gas phase through the soil

beneath the drainfield faster than water and were collected in the

leachate. Thus, VOCs added to a soil absorption system in Plain:

field sand may diffuse in gas phase beneath the drainfield and

reach the water table faster than VOCs in soil water.

Concentrations of VOCs detected in leachate for the 40 mg L
I

septic tank effluent experiment were lower than the same tapwater

experiment. This suggests that greater degradation occurred in a

drainfield-fed septic tank effluent with 40 mg L -I VOCs than

tapwater.
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The recoveries for all VOCs for all experiments were less than

100%. It is assumed that those VOCs unaccounted for, especially

toluene, were degraded in the soil. Recoveries for the 40 mg L-i

VOC septic tank effluent experiment were lower than the same tap-

water experiment, which suggests that greater degradation of VOCs

occurred in the model soil absorption system fed septic tank ef-

fluent with 40 mg L VOCs, although some of the VOCs, especially

TCA, may have been retained in the soil to a limited extent. Ex-

perimental design limitations, sampling errors, and pre-analytical

storage and holding times of samples may also have contributed to

VOC loss. Thus, some degradation of VOCs may occur in a soil

absorption system in Plainfield sand.

VOCs added to a drainfield in Plainfield sand may behave dif-

ferently. TCA and chloroform may be found in higher concentra-

tions than toluene in soil gas surrounding the drainfield, and

above the soil surface and in soil gas and moisture 95 cm beneath

the drainfield. These differences in behavior may be due to dif-

ferences in physical and chemical characteristics between the

VOCs. TCA and chloroform have greater vapor pressures and densi-

ties than toluene.

The results of this study could be applied to field situations

in which wastes, generated at facilities such as motor vehicle

service stations or other small businesses, containing VOCs, are

discharged to drainfields. It is recommended that the results of

this study be put to test in a field study of the unsaturated soil
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beneath a drainfield in Plainfield sand, at a site where VOCs have

been detected in a septic tank and are discharged to the drain-

field.
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APPENDIX A

USEPA PRIORITY POLLUTANT LIST, INCLUDING TOXICITY

LEVELS, STANDARDS, AND HEALTH HAZARDS
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Table 1. Selected EPA toxicity levels, Wisconsin drinking water
and groundwater standards for VOC and heavy metal prior-
ity pollutants (USEPA,1990; WDNR, 1988, 1989).

Wis. NR 140
USEPA Wis. NR 109 groundwater

toxicity drinking water quality
Parameter level standards standards

mgL_ mg L 1 jg L

Acenaphthene 2.0
Benzene 0.50 0.005 0.67
Carbon tetrachloride 0.50 0.005

Chlorinated Benzenes

Chlorobenzene 100.0
1,2,4- trichlorobenzene
Hexachlorobenzene 0.50
1, 2-dichlorobenzene 1250
1,3-dichlorobenzene 40.0 1250
1, 4-dichlorobenzene 7.5

Chlorinated Ethanes

1,2-dichloroethane 0.50 0.005 0.50
l,l,1-trichloroethane 0.20 200.0
Hexachloroethane 3.0
1, 1-dichloroethane 850.0
1,1,2-trichloroethane

1,1,2,2-tetrachloro-
ethane

Chloroethane

Chlorinated Phenols

2,4,6-trichlorophenol 2.0
2,4-dichlorophenol 309.0
2- chlorophenol 0.01

Dichloroethylenes

1,1- dichloroethylene 0.70 0.24
1, 2 -trans- dichloro-

ethylene
2, 4-dinitrotoluene 0.13
2,6 - dinitrotoluene
Ethylbenzene

- continued-
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Table 1. (continued).

Wis. NR 140

USEPA Wis. NR 109 groundwater

toxicity drinking water quality

Parameter level standards standards

mgL 1  mgL- jg L

Halomethanes

Methylene chloride 150

Methyl chloride
Methyl bromide
Bromoform
Chloroform 6.0

D ichlorobromome thane
Trichlorofluoromethane
D ichlorof luorome thane

Chlorodibromomethane
Naphthalene
Nitrobenzene 2.0

Poynuclear Aromatic Hydrocarbons

Phenanthrene
Tetrachloroethylene 0.7 0.55 0.005

Trichloroethylene
Toluene
Vinyl chloride 0.20 0.002 0.015

Heary Metals

Cadmium 1.0 0.01 10

Chromium 5.0 0.05 50

Copper 1.0 100.0

Cyanide 200

Lead 5.0 0.05 50

Mercury 0.2 0.002 2

Silver 5.0 0.05 50

Zinc 5

Inorganics

Nitrate-N 
10 10 mg L-i
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Table 2. Toxicity data and human health affects of selected
priority pollutants (Gosselin et al., 1976; Sax, 1979;

Sittig, 1981; Mance et al., 1984).

Parameter Acute toxicity data* Human health effects*

Ac enaphthene

Benzene

Carbon tetrachloride LD (rat) 1500 mg/kg50

liver, kidney, skin

acute-CNS, chronic-leukemogen

kidney, liver, lung damage

Chlorinated Benzenes

Chlorobenzene

1,2,4-trichlorobenzene

Hexachlorobenzene

LD (rat) 2910 mg/kg
50LD (rat) 756 mg/kg
50

kidney, liver damage

liver damage

liver enlargement, porphyria

Chlorinated Ethanes

1, 2-dichloroethane

1, 1, -trichloroethane

Hexachloroethane

1, 1-dichloroethane

1, 1, 2-trichloroethane

1, 1,2,2-tetrachloroethane

Chloroethane

LD (rat) 4700 mg/kg
50LD (rat) 6000 mg/kg
50

CNS depression, kidney, liver injury

heart arrhythmia

liver damage

CNS depressant

CNS depressant, liver necrosis

skin irritant

Chlorinated Phenols

2,4,6-trichlorophenol

Chloroform

2-chlorophenol

LD (rat) 276 mg/kg
50LD (rat) 800 mg/kg
50

oral carcinogen

narcosis, heart, liver damage

D ichlorobenz ene s

1, 2-dichlorobenzene

1, 3-dichlorobenzene

1, 4-dichlorobenzene

LD (rat) 500 mg/kg
50

LD (rat) 2500 mg/kg
50

liver, kidney damage

liver, kidney, skin, eye

liver injury

Dichloroethy lenes

1, 1-dichloroethylene

1, 2-trans-dichloroethylene

2, 4-dichlorophenol

LD (rat) 770 mg/kg50
LD (rat) 580 mg/kg

50

liver, kidney damage

tissue, mucous membrane irritant

- continued -
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Table 2. (continued).

Parameter Acute toxicity data* Human health effects*

Dinitrotoluene

2,4-dinitrotoluene

2,6-dinitrotoluene

Ethylbenzene

LD (rat) 268 mg/kg50
LD (rat) 177 mg/kg
50LD (rat) 3500 mg/kg
50

anemia, cyanosis, liver damage

anemia, leucopenia,liver damage

skin, eye, mucous membrane irritant

Halomethanes

Methylene chloride

Methyl chloride

Methyl bromide

Bromoform

Dichlorobromothane

Trichlorofluoromethane

Dichlorofluoromethane

Chlorodibromomethane

Naphthalene

Nitrobenzene

LD (rat) 2136 mg/kg50

LD (rat) <100 mg/kg
50

LD (rat)1820 mg/kg50

LD (rat) 100,000 ppm50
20 min

LD (rat) 1780 mg/kg
50

LD 640 mg/kg
(rat)

dermititis, skin burns

CNS, liver, kidney

CNS, kidney, lung damage

liver damage

narcosis, anesthesia

CNS depressant

nausea, hematuria, anemia, liver

damage

cyanosis

Polynuclear Aromatic Hydrocarbons

Phenanthrene

Tetrachloroethylene

Trichloroethylene

Toluene

Vinyl chloride

LD (rat) 700 mg/kg
50

LD (rat) 8850 mg/kg
50

LD (rat)
50

LD (rat)
50

LD (rat)
50

4920 mg/kg

5000 mg/kg

500 mg/kg

carcinogen via dermal route

CNS depression, hepatic injury

asphyxiant, anesthetic

heart, liver damage

anemia, leucopenia, liver enlargement

skin, eye irritant

Heavy Metals

LD (rat) 225 mg/kg
50

carcinogen, respiratory system,

kidney, prostate, blood

carcinogen, respiratory system

respiratory system, liver, eyes

liver, kidney, skin, CNS,

cardiovascular system

kidney, blood, CNS, gastrointestinal

system, gingival tissue

skin, lungs

nasal, skin, eyes

LD(mice) 15 mg/kg

* LD = lethal dose; CNS- central nervous system.

Cadmium

Chromium

Copper

Cyanide

Lead

Mercury

Silver

Zinc
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