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Foreword

The U.S. Geological Survey (USGS) is committed to serve the Nation with accurate and timely sci-
entific information that helps enhance and protect the overall quality of life, and facilitates effec-
tive management of water, biological, energy, and mineral resources. Information on the quality

of the Nation’s water resources is of critical interest to the USGS because it is so integrally linked
to the long-term availability of water that is clean and safe for drinking and recreation and that is
suitable for industry, irrigation, and habitat for fish and wildlife. Escalating population growth and
increasing demands for the multiple water uses make water availability, now measured in terms

of quantity and quality, even more critical to the long-term sustainability of our communities and

ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program to support
national, regional, and local information needs and decisions related to water-quality manage-
ment and policy. Shaped by and coordinated with ongoing efforts of other Federal, State, and local
agencies, the NAWQA Program is designed to answer: What is the condition of our Nation's
streams and ground water? How are the conditions changing over time? How do natural features
and human activities affect the quality of streams and ground water, and where are those effects
most pronounced? By combining information on water chemistry, physical characteristics, stream
habitat, and aquatic life, the NAWQA Program aims to provide science-based insights for current
and emerging water issues. NAWQA results can contribute to informed decisions that result in
practical and effective water-resource management and strategies that protect and restore water
quality.

Since 1991, the NAWQA Program has implemented interdisciplinary assessments in more than 50
of the Nation’s most important river basins and aquifers, referred to as Study Units. Collectively,
these Study Units account for more than 60 percent of the overall water use and population served
by public water supply, and are representative of the Nation's major hydrologic landscapes, prior-
ity ecological resources, and agricultural, urban, and natural sources of contamination.

Each assessment is guided by a nationally consistent study design and methods of sampling and
analysis. The assessments thereby build local know-ledge about water-quality issues and trends
in a particular stream or aquifer while providing an understanding of how and why water quality
varies regionally and nationally. The consistent, multi-scale approach helps to determine if certain
types of water-quality issues are isolated or pervasive, and allows direct comparisons of how
human activities and natural processes affect water quality and ecological health in the Nation's
diverse geographic and environmental settings. Comprehensive assessments on pesticides, nutri-
ents, volatile organic compounds, trace metals, and aquatic ecology are developed at the national
scale through comparative analysis of the Study-Unit findings.

The USGS places high value on the communication and dissemination of credible, timely, and rel-
evant science so that the most recent and available knowledge about water resources can be
applied in management and policy decisions. We hope this NAWQA publication will provide you
the needed insights and information to meet your needs, and thereby foster increased awareness
and involvement in the protection and restoration of our Nation’s waters.



The NAWQA Program recognizes that a national assessment by a single program cannot address
all water-resource issues of interest. External coordination at all levels is critical for a fully inte-
grated understanding of watersheds and for cost-effective management, regulation, and conser-
vation of our Nation’s water resources. The Program, therefore, depends extensively on the

advice, cooperation, and information from other Federal, State, interstate, Tribal, and local agen-

cies, non-government organizations, industry, academia, and other stakeholder groups. The assis-
tance and suggestions of all are greatly appreciated.

Robert M. Hirsch
Associate Director for Water
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Occurrence and Implications of Selected Chlorinated
Solvents in Ground Water and Source Water in the
United States and in Drinking Water in 12 Northeast
and Mid-Atlantic States, 19932002

By Michael J. Moran

Abstract

The U.S. Geological Survey has collected or compiled
data on select chlorinated solvents in samples of ground water,
source water, and drinking water. The water samples were
collected during 1993-2002. Data on solvents in ground water
and source water were available for the conterminous United
States, Alaska, and Hawaii. Data on solvents in drinking water
only were available for 12 Northeast and Mid-Atlantic States.
The occurrence and distribution of four solvents were exam-
ined—methlyene chloride, 1,1,1-trichloroethane, tetrachloro-
ethene, and trichloroethene.

Out of 51 to 55 volatile organic compounds (VOCs)
analyzed in samples, solvents were among the most frequently
detected VOCs in all data sets. When data from ground water
and source water were confined to 12 Northeast and Mid-
Atlantic States, the detection frequencies of solvents were
similar among all three data sets. Although low concentrations
of solvents commonly were detected in ground water, some
solvents had higher median quantified concentrations than other
VOCs. Relative to other VOCs, solvents were ranked high in all
data sets in terms of the frequency of concentrations higher than
U.S. Environmental Protection Agency Maximum Contami-
nant Levels. Mixtures were a common mode of occurrence of
solvents.

The probability of occurrence of solvents was most
strongly related to the dissolved-oxygen content in ground
water, with solvents having a higher probability of occurrence
in conditions of relatively high dissolved oxygen compared to
conditions of relatively low dissolved oxygen. The probability
of occurrence of solvents in ground water also was strongly
associated with urban land use and population density and with
variables that represented the transport of solvents through the
soil zone to ground water.

It is important for ground-water resource managers to
understand the contamination potential posed by solvents, espe-
cially in resources that are critical as drinking-water supplies.
Low-level analytical methods are most useful for determining
the complete environmental distribution of solvents in ground

water. To protect ground-water resources, it is important for
ground-water managers to (1) delineate the redox conditions of
ground water in the aquifer in order to predict the potential fate
of solvents, (2) determine and control the sources, or potential
sources, of solvents to ground water, and (3) establish the
susceptibility of aquifers by fully ascertaining the hydraulic
properties of the saturated and vadose zones.

Introduction

Chlorinated solvents are volatile organic compounds
(VOCs) that contain chlorine. In general, chlorinated solvents
have low water solubilities and high volatilities and densities
relative to other VOCs. They are used in a variety of commer-
cial, industrial, manufacturing, and domestic applications.
Chlorinated solvents (hereafter referred to as solvents) are used
in the aerospace and electronics industries; dry cleaning; manu-
facture of foam; paint removal/stripping; manufacture of phar-
maceuticals; metal cleaning and degreasing; and wood manu-
facturing (Halogenated Solvents Industry Alliance, 2004a).
Solvents also can be found in a variety of household consumer
products including drain, oven, and pipe cleaners; shoe polish;
household degreasers; typewriter correction fluid; deodorizers;
leather dyes; photographic supplies; tar remover; waxes; and
pesticides (U.S. Environmental Protection Agency, 1980).

Production of solvents began in the United States in the
early 20t century. Carbon tetrachloride was the first solvent
produced in the United States and was the main solvent used for
the first half of the 20" century. Production of trichloroethene
(TCE) and perchloroethene (PCE) began in the 1920s (Pankow
and Cherry, 1996). After World War II, production and usage of
these two solvents in industry increased markedly, and they
became the most commonly used solvents.

Two other commonly used solvents during this time period
were methylene chloride and 1,1,1-trichloroethane (TCA). The
production of methylene chloride, PCE, TCA, and TCE
generally peaked in the 1970s and has been declining since then
due mostly to the human-health and environmental concerns
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associated with these compounds (Pankow and Cherry, 1996).
For example, TCE has been linked to potential human-health
effects including anemia, arthritis, cancer, birth defects, and
damage to the liver, kidneys, immune system, and nervous
system. As another example, TCA is being phased out for most
uses because of its ozone depletion potential in the upper atmo-
sphere. Under the Montreal Protocol, production of TCA for
emissive uses was phased out at the end of 1995 in Europe and
at the end of 1996 in the United States, Japan, and other indus-
trialized countries (Halogenated Solvents Industry Alliance,
1994).

Although production has been declining recently, large
quantities of these solvents continue to be produced and used by
many commercial and industrial sectors of society. Chemicals
that have large production volumes and wide usage are highly
susceptible to release to the environment. Once released to the
environment, solvents have a tendency for widespread ground-
water contamination due to their unique combination of phys-
ical and chemical properties. Indeed, the four solvents exam-
ined here are some of the most commonly identified organic
chemicals in ground water (Pankow and Cherry, 1996;
Squillace and others, 2002).

The potential sources of solvents to the environment are
numerous. For example, methylene chloride, PCE, and TCE are
among 29 of the chemicals, metals, and other substances most
commonly found at U.S. Environmental Protection Agency
(USEPA) Superfund sites (U.S. Environmental Protection
Agency, 2005a). Considerable quantities of solvents are
released to the environment according to information in the
USEPA’s Toxics Release Inventory (TRI) database. The TRI
provides information on the release of toxic chemicals in the
United States from various manufacturing, commercial, and
industrial processes. According to the TRI, during 1998-2001,
total on- and off-site releases of methylene chloride, PCE, TCE,
and TCA averaged about 33 million pounds, 4 million pounds,
11 million pounds, and 0.5 million pounds, respectively (U.S.
Environmental Protection Agency, 2003). Despite a decline in
production due to increased regulations, PCE is still the solvent
of choice for 85 to 90 percent of the approximately 30,000 dry
cleaners and launderers in the United States (Doherty, 2000).
Releases of PCE can occur at many points during dry-cleaning
operations including air emissions, spills, inadequate storage,
and drain disposal of spent PCE (U.S. Environmental Protec-
tion Agency, 1995).

As mentioned, solvents have been associated with both
acute and chronic human-health problems. Some are suspected
human carcinogens, and USEPA has set Maximum Contami-
nant Levels (MCLs) for solvents in drinking water at very low
concentrations. Many of the solvents have water solubilities
that are high relative to their MCLs. This means that even small
spills of some solvents can result in substantial ground-water
contamination problems with respect to human health.

The purpose of this report is to present information on the
occurrence and implications of four solvents in ground water,
source water, and drinking water. The data for this report were
collected or compiled by the U.S. Geological Survey’s (USGS)

National Water-Quality Assessment (NAWQA) Program and
other agencies. The water samples were collected during 1993—
2002.

Four solvents were selected for analyses in this report—
methylene chloride (also known as dichloromethane), PCE,
TCA, and TCE. Many organic compounds are classified as
solvents but only these four were selected because of their long
histories of use and their large production and usage relative to
other solvents.

The occurrence and distribution of these solvents were
determined by detection frequencies, ranges of concentrations,
and areal patterns of detection. Concentrations of the solvents
were compared to USEPA drinking-water standards. Occur-
rence, distribution, and concentration information is given for
three data sets: (1) ground water on a national scale, (2) source
water (derived from ground water) on a national scale, and
(3) drinking water from 12 Northeast and Mid-Atlantic States.

Potential anthropogenic sources of solvents to ground
water are identified and the most likely sources are highlighted.
Hydrogeologic and anthropogenic factors associated with the
occurrence of solvents in ground water are identified. The iden-
tification of factors associated with the occurrence of solvents
may aid in understanding the sources and pathways of these
chemicals to ground water and the susceptibility of aquifers to
contamination.

Background

The four solvents examined in this report—methylene
chloride, PCE, TCA, and TCE—are members of the family of
aliphatic halogenated hydrocarbons. These compounds are
produced in substantial quantities, have a variety of industrial,
commercial, and domestic uses, and their release to the environ-
ment has resulted in widespread contamination of ground water.
The presence of solvents in ground water, especially ground
water used as a source of drinking water, can pose a potential
threat to human health due to the solvent’s mobility, longevity,
and toxicity. Table 1 presents information for the four solvents
examined in this report, including chemical abstract numbers,
molecular formulas, some common synonyms and abbrevia-
tions, and the abbreviation used in this report for each
compound.

Physical and Chemical Properties and
Environmental Behavior of Solvents

Table 2 lists selected physical and chemical properties of
the four solvents. From table 2, some general observations can
be made. First, the densities of all four solvents are greater
than 1. This means that the pure liquid phase of each solvent has
a density greater than water. If pure liquid phases of these
solvents are released to the environment, they could penetrate
the water table, move down through the saturated zone, and



collect in pools on top of less permeable layers. Once pooled in
such a manner, the absolute removal rates from the aquifer are
usually low because the solvent pool presents a very low cross
section relative to ground-water flow in the aquifer (Johnson
and Pankow, 1992). In this way, the pure phase of a solvent
could become a long-term source of low concentrations in an
aquifer and could be very difficult to remediate.

Organic chemicals that have vapor pressures greater than
about 10 Pascals are considered to be volatile. All of the four
solvents have vapor pressures much higher than this value
(table 2) and generally higher than other commonly used VOCs
like gasoline hydrocarbons. This means that the pure liquid
phase of these compounds can volatilize when spilled onto a
surface or exposed to the atmosphere. Although they can readily
volatilize, some mass of a solvent can be transported to the
water table following a release. The solvent can be transported

Table 1.

[C, carbon; Cl, chlorine; H, hydrogen; --, none]

Background 3

to the water table by gaseous diffusion, downward movement of
solvent dissolved in recharge water, or by gravity movement of
pure solvent liquid through the vadose zone.

In environmental systems, water solubility is one of the
most important chemical properties that determines the occur-
rence of organic chemicals in ground water. The aqueous solu-
bilities of the four solvents are generally higher than those of
other common VOC:s like gasoline hydrocarbons. For example,
the aqueous solubilities of three common gasoline components
benzene, ethylbenzene, and toluene are approximately 1,787,
175, and 565 milligrams per liter (mg/L) at 25 degrees Celsius
(°C) (Mackay and others, 1993). The solubility of benzene is
higher than the solubility of any of the solvents except for
methylene chloride. However, the solubilities of all four
solvents except perchloroethene are higher than either toluene
or ethylbenzene.

Selected information for the four solvents examined in this report.

Abbreviation

Compound Chemical Abstract Chemical L s
. . Common synonyms and abbreviations used in this
name Services Registry Number formula
report
Methylene chloride 75-09-2 CH,Cl, Dichloromethane -
Perchloroethene 127-18-4 Cl,C=CCl, Tetrachloroethene, perchloroethylene, PCE
tetrachloroethylene, PERC, PCE
1,1,1-Trichloroethane 71-55-6 CH;CCly Methyl chloroform, MC, TCA TCA
Trichloroethene 79-01-6 HCIC=CC(l, Trichloroethylene, TCE TCE
Table 2. Selected physical and chemical properties of the four solvents examined in this report.
[g/cm3, grams per cubic centimeter; °C, degrees Celsius; Pa, Pascals; mg/L, milligrams per liter; m3, cubic meters]
Organic Henry's Law
Density? Vapor Aqueous carbon constant? Half-life in
Compound Molecular 3 2 - L o 3
name weiaht! (g/cm® at pressure solublllty2 partitioning at25°C ground water
g 25°C) (Pa at 25°C) (mg/L at 25°C) coefficient? (Pa-m%/ (in days)
(log Koc) mole)
Methylene chloride 84.94 1.33 57,365 18,680 1.20 319 35
Perchloroethene 165.83 1.62 2,462 150 2.56 1,628 540
1,1,1-Trichloroethane 133.41 1.34 16,180 1,312 2.18 1,638 343
Trichloroethene 131.39 1.46 9,680 1,100 2.03 958 987

IFrom Mackay and others, 1993.
2Average of values from Mackay and others, 1993.

3Average from Howard and others, 1991.
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Although the solubilities of the four solvents generally are
higher than other commonly used VOC:s, their absolute solubil-
ities are low. Nonetheless, the aqueous solubilities of all the
solvents examined in this report are much higher than their
human-health benchmarks for drinking water. This means that
even small spills of solvents have the potential to cause contam-
ination of ground water at concentrations that could be harmful
to human health.

Chemicals with high organic partitioning coefficients will
adsorb strongly to soil and rock material. The organic parti-
tioning coefficients of the solvents are relatively low (table 2)
and similar to those of the gasoline hydrocarbons. This means
that sorption to organic matter and clay in soils and aquifers will
not substantially retard the movement of solvents through the
subsurface. However, the organic carbon partitioning coeffi-
cients for both the solvents and common gasoline components
are high enough to cause some retardation of their movement in
the subsurface relative to the velocity of ground water.

The Henry’s Law constant is the equilibrium concentration
of a dissolved organic chemical in solution relative to the partial
pressure of the chemical in air above the solution. At relatively
low concentrations, this value represents the air-water parti-
tioning for organic chemicals in the environment. For chemicals
with Henry’s Law constants greater than about 1 Pascal-cubic
meter per mole (Pa-m’/mole), partitioning from water to air is
important. For all the solvents, Henry’s Law constants are
substantially higher than this level (table 2) indicating that
partitioning from water to air can be an important process in
their environmental behavior. However, once in the saturated
zone, partitioning of solvent mass across the capillary fringe has
been shown to be very slow (McCarthy and Johnson, 1992).

Solvents have relatively low viscosities and low interfacial
tensions compared to other commonly used VOCs. Low viscos-
ities mean that pure liquid phases of solvents can move rapidly
down through the vadose zone by gravity (Pankow and Cherry,
1996). Low interfacial tensions between solvents and water
allow solvents to easily enter into small fractures and pore
spaces in the subsurface and provide a source for long-term, low
concentration contamination of ground water. Low interfacial
tension also contributes to low retention capacities of soils for
solvents.

Transformation of Solvents

In ground water, solvents can be transformed through
abiotic and biotic processes (Leisinger, 1996). The half-lives of
the solvents in ground water are presented in table 2. These
half-lives are based on scientific judgment from various biodeg-
radation studies and screening test data and represent the total
transformation rates of the compounds whether by biotic or
abiotic reactions (Howard and others, 1991). With a few excep-
tions, the half-lives of the gasoline hydrocarbons generally are
much smaller than the half-lives of the solvents. This means that
the solvents transform very slowly relative to gasoline hydro-

carbons and that they could persist for long periods of time in
certain ground-water systems.

For the solvents, three types of abiotic transformation
processes are important—hydrolysis, reduction, and photolysis.
Hydrolysis involves the reaction of a solvent with the hydroxyl
ion of water and is highly dependent on pH. Hydrolysis usually
produces an alcohol but in some cases non-alcohol products are
formed. Transformation of solvents by hydrolysis has been
documented in various laboratory and field studies (Dilling and
others, 1975; Pearson and McConell, 1975; Kollig, 1993;
Washington, 1995).

For solvents, reduction generally involves hydrogenolysis
where chlorine is replaced by hydrogen. Higher chlorination of
the molecule tends to produce higher potential energy release
during reduction. Although most solvents have sufficient Gibbs
free energy to undergo abiotic reduction reactions, the potential
is rarely met except under very reducing conditions and not
without mediation by bacteria (Pankow and Cherry, 1996).

Photolysis occurs when light strikes a chemical and
converts it to a new molecule through electron distribution. In
this situation, the chemical is usually oxidized. Photolysis of
solvents has been demonstrated for PCE and TCE (Pearson and
McConell, 1975; Haag and others, 1996).

Although the free energy of many solvents is high enough
to allow abiotic reactions like hydrogenolysis to occur, the
conditions necessary to undergo the reaction are rarely met, and
thus, microbes mediate most transformations of solvents
(Pankow and Cherry, 1996). Biotic processes for the transfor-
mation of solvents can be either aerobic or anaerobic and occur
by five possible pathways: (1) through their use as a sole carbon
and energy source for growth of aerobic bacteria; ( 2) through
their use as a growth substrate for organisms that use an electron
acceptor other than oxygen (nitrate respiration); (3) through
their use as a growth substrate in acetogenic fermentation;

(4) through co-metabolism; and (5) through their use as an
electron acceptor under hypoxic conditions (reductive dechlori-
nation) (Beek, 2001). Halogenated aliphatic organic
compounds are strong oxidants, and thus anaerobic biodegrada-
tion, anaerobic co-metabolism, or their use as electron accep-
tors are the most common means of their transformation (Beek,
2001).

Reductive dechlorination is an important biodegradation
process for the transformation of solvents (Fathepure and
others, 1987; Nyer and Duffin, 1997). Reductive dechlorination
requires that microbes have access to a substrate that serves as
a source of carbon and energy and as an electron donor
(Montoux and others, 1996). During reductive dechlorination,
the solvent is used as an electron acceptor, and chlorine atoms
are sequentially removed and replaced with hydrogen. An
example of reductive dechlorination is shown in figure 1. In this
case, PCE is transformed to TCE through reductive dechlorina-
tion using a reductive dehalogenase enzyme. Eventually, reduc-
tive dechlorination can transform PCE to ethane by sequential
removal of chlorine atoms (Swindoll and Troy, 1996).
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Figure 1. Biotransformation of perchloroethene to trichloro-
ethene through reductive dechlorination.

Another possible avenue for transformation of solvents is
through their use as electron donors. The solvent is used as a
primary substrate that supplies carbon and energy for microbes.
This process usually occurs anaerobically, and microbes known
to anaerobically degrade solvents include sulfate-reducing and
methanogenic bacteria that use sulfate and carbon dioxide as
electron acceptors (Chu and Alvarez-Cohen, 1995; van Eekert
and Schraa, 2001). In some cases microbes can utilize less
chlorinated compounds (such as chloroethene) aerobically with
oxygen as an electron acceptor and the compound as the
primary substrate (Davis and Carpenter, 1990). Although this
process has been demonstrated in the laboratory for smaller
molecules, the importance of this metabolic pathway for larger
molecules is uncertain.

Aerobic biodegradation of solvents generally occurs
through co-metabolism (Bielefeldt and others, 1995; Munkata-
Marr and others, 1996). Co-metabolism is the process whereby
solvents are fortuitously degraded as microbes consume other
organic substrates. Although the solvents are transformed in the
respiration process, the microbes do not derive any direct
benefit from the transformations (Swindoll and Troy, 1996).
Only a small number of organic compounds have been identi-
fied as serving as suitable primary substrates in which the co-
metabolism of solvents can occur.

Some potential transformation products of solvents in
water are shown in table 3. In some cases, especially for more
highly chlorinated molecules, the degradation of a solvent
results in a metabolite that also is a solvent. This usually occurs
during reductive dechlorination that proceeds with a sequential
dechlorination of highly chlorinated molecules to less chlori-
nated molecules. However, the specific transformation products
formed during reductive dechlorination are a result of both the
mechanism of degradation and the type of electron acceptors
that are available (Swindoll and Troy, 1996; Nyer and Duffin,
1997).

Production and Usage of Solvents

Figure 2 shows the production of the four solvents from
1960 to 1998, in millions of kilograms. For the most part,
production of each of the solvents has decreased since about
1970 or 1980. Figure 2 only shows production of these solvents
in the United States, and these values do not necessarily indicate
usage of solvents in the United States because substantial
amounts of some solvents are exported. In addition, production
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may not accurately indicate usage because substantial amounts
of solvents are recycled in some commercial/industrial
processes. For example, most dry-cleaning equipment recycles
95 to 99 percent of the PCE used in the dry-cleaning process
(Doherty, 2000).

Methylene Chloride

Methylene chloride is used widely as a chemical solvent
and replaced more flammable solvents more than 60 years ago.
It is commonly used in paint removers and industrial adhesive
formulas. It also is used in the production of flexible urethane
foams, pharmaceutical products, as a cleaning agent for fabri-
cated metal parts, in the production of thermoplastics, in
nonflammable adhesive formulations for industrial applica-
tions, and as an extraction solvent (Halogenated Solvents
Industry Alliance, 2003). The largest use of methylene chloride
is in paint-removal formulations. Methylene chloride also is
commonly used as an extractant in the recovery and purification
of a wide variety of materials including oils, fats, and waxes,
and the decaffeination of coffee and tea, oleoresin extraction
from a variety of spices, and for the extraction of hops (Haloge-
nated Solvents Industry Alliance, 2003). Methylene chloride
also can be found in a wide variety of commercial and consumer
products such as spot removers, wood floor and panel cleaners,
contact cement, super glues, spray adhesives, adhesive
removers, silicone lubricants, specialized electronic cleaners,
wood stains, varnishes and finishes, paint thinners, paint
removers, aerosol spray paints, primers, aerosol rust removers,
outdoor water repellents, glass frosting/artificial snow, spray
lubricant for cars, transmission cleaners, battery terminal
protectors, brake quieter/cleaner, and gasket removers (U.S.
Department of Health and Human Services, 2005).

Since 1985, the production of methylene chloride has
declined, in part, due to the increase in the manufacture of
solvent systems that do not use methylene chloride (U.S.
Department of Health and Human Services, 2005). In the
United States in 2000, the demand for methylene chloride was
estimated at about 91 million kilograms (Halogenated Solvents
Industry Alliance, 2003). In 2000, approximately 15 million
kilograms of methylene chloride were imported and approxi-
mately 57 million kilograms were exported (U.S. Department
of Health and Human Services, 2005).

Perchloroethene

In the late 1940s, PCE began replacing petroleum deriva-
tives as the main solvent used in dry cleaning (Halogenated
Solvents Industry Alliance, 2005). By the early 1960s, PCE had
become the most widely used dry-cleaning solvent in the United
States (State Coalition for Remediation of Drycleaners, 2002).
However, during the 1990s its use in dry cleaning declined in
order to meet more stringent government regulations for work-
place exposure (U.S. Department of Health and Human
Services, 2005). Nonetheless, as of 2002, PCE was still used as
the primary cleaning solvent in about 85 percent of professional
dry cleaners (Sinsheimer and others, 2002).
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Table 3. Possible transformation products of the four solvents examined in this report.

[PCE, perchloroethene; TCA, 1,1,1-trichoroethane; TCE, trichoroethene; CO,, carbon dioxide; CO, carbon monoxide]

Parent compound

Possible transformation

product in water

References

Methylene chloride chloromethane Swindoll and Troy, 1996
methane Swindoll and Troy, 1996
formaldehyde Dilling and others, 1975; Belkin, 1992; Kollig, 1993; Washington, 1995
formic acid Dilling and others, 1975
hydrogen chloride Dilling and others, 1975; Kollig, 1993
methanol Dilling and others, 1975
CO, Swindoll and Troy, 1996
CO Dilling and others, 1975
PCE TCE Parsons and others, 1985; Fathepure and others, 1987; van der Meer and others, 1992
trans-1,2-dichloroethene Parsons and others, 1985; van Eekert and Schraa, 2001
cis-1,2-dichloroethene Parsons and others, 1985; van der Meer and others, 1992
1,1-dichloroethene Swindoll and Troy, 1996; van Eekert and Schraa, 2001
vinyl chloride Parsons and others, 1985; van der Meer and others, 1992
1,2-dichloroethane Swindoll and Troy, 1996
chloroethane Swindoll and Troy, 1996
ethene Swindoll and Troy, 1996; van Eekert and Schraa, 2001
ethane van der Meer and others, 1992
trichloroacetic acid Dilling and others, 1975
hydrochloric acid Dilling and others, 1975
CO, Swindoll and Troy, 1996
TCA 1,1-dichloroethane Parsons and others, 1985; Criddle and McCarty, 1991; Semprini and others, 1992
1,1-dichloroethene Dilling and others, 1975; Kollig, 1993; McNab and Narasimhan, 1994
chloroethane Semprini and others, 1992
chloroethanol Swindoll and Troy, 1996
ethane Swindoll and Troy, 1996
formaldehyde Swindoll and Troy, 1996
acetic acid Criddle and McCarty, 1991; Semprini and others, 1992; Washington, 1995
hydrochloric acid Washington, 1995
CO, Swindoll and Troy, 1996
TCE trans-1,2-dichloroethene Kloepfer and others, 1985; Barrio-Lage and others, 1986; Wilson and others, 1986

cis-1,2-dichloroethene
1,1-dichloroethene
vinyl chloride
1,2-dichloroethane
trichloromethane
chloroethane

ethene

ethane
trichloroethene oxide
dichloroacetic acid
hydrogen chloride
hydrochloric acid
cis-dihydrodiol
3-methylcatechol

2,2,2-trichloroacetaldehyde

glyoxylic acid
formic acid
CO,

CO

Barrio-Lage and others, 1986; Barrio-Lage and others, 1987
Fliermans and others, 1988

Barrio-Lage and others, 1986; Wilson and others, 1986
Swindoll and Troy, 1996

Fliermans and others, 1988

Swindoll and Troy, 1996

Swindoll and Troy, 1996

Swindoll and Troy, 1996

Belkin, 1992

Dilling and others, 1975; Alvarez-Cohen and McCarty, 1991
Dilling and others, 1975

Fliermans and others, 1988

Nelson and others, 1988

Nelson and others, 1988

Alvarez-Cohen and McCarty, 1991

Alvarez-Cohen and McCarty, 1991

Alvarez-Cohen and McCarty, 1991

Swindoll and Troy, 1996

Alvarez-Cohen and McCarty, 1991
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Figure 2. Production of four solvents in the United States from 1960—-1998 (Pankow and Cherry, 1996; Chemical Manufacturers

Association, 1997, 1998).

In 1998, the majority of PCE used in the United States
(about 50 percent) was used as a chemical intermediate in the
manufacture of several hydrofluorocarbons that are alternatives
to chlorofluorocarbon refrigerants. About 25 percent was used
in dry cleaning and textile processing. The remainder was used
in automotive aerosols, metal cleaning and degreasing, and
miscellaneous uses (Halogenated Solvents Industry Alliance,
2005). PCE can be found in a variety of commercial and
consumer products such as insulating fluid and cooling gas in
electrical transformers, paint removers, printing inks, art
supplies, adhesive formulations, paper coatings, leather treat-
ments, water repellents, automotive cleaners, silicone lubri-
cants, spot removers, as a pesticide intermediate, and as an
extractant for pharmaceuticals (U.S. Department of Health
and Human Services, 2005; Halogenated Solvents Industry
Alliance, 2005).

Production of PCE in the United States declined more than
60 percent from 1980 to 1993 (fig. 2) because of increased
solvent recycling and increased occupational exposure regula-
tions (U.S. Department of Health and Human Services, 2005;
Halogenated Solvents Industry Alliance, 2005). However, in

recent years the demand for PCE has increased slightly from
about 112 million kilograms in 1996 to about 125 million kilo-
grams in 1999 (fig. 2). According to the U.S Department of
Health and Human Services (2005), three companies in the
United States produced PCE as of 2005, with a combined
capacity of about 160 million kilograms. From 1998 to 2001,
the United States imported about 16 million kilograms of PCE
per year and exported about 27 million kilograms per year (U.S.
Department of Health and Human Services, 2005).

1,1,1-Trichloroethane

Beginning in the mid-1950s, TCA was used as a cold
cleaning solvent substitute for carbon tetrachloride. TCA is
used mainly for vapor degreasing and cold cleaning of fabri-
cated metal parts and other materials. TCA also is used in fluo-
ropolymer synthesis, as a solvent in adhesive and aerosol
formulations, for the production of certain coatings and inks, for
a variety of textile applications, for cleaning motion picture
film, and for dry cleaning leather and suede garments (Haloge-
nated Solvents Industry Alliance, 1994). TCA can also be found
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in a variety of commercial and consumer products such as
aerosol formulations, adhesives, protective surface coatings,
cutting oils, and printing inks (U.S. Environmental Protection
Agency, 2000a).

Because of concerns about ozone depletion, the USEPA
has restricted future production of TCA in the United States.
Under the Montreal Protocol on Substances That Deplete the
Ozone Layer, as amended in June 1990 and November 1992,
and under Title VI of the Clean Air Act, the use of TCA is being
phased out (Halogenated Solvents Industry Alliance, 1994).
Under Title VI of the Clean Air Act, restrictions on the uses of
TCA were imposed and labeling was required for certain prod-
ucts containing or made with TCA. Pursuant to the Clean Air
Act, the USEPA accelerated a phase-out in the production and
import of TCA allowing only essential uses of the compound
after 1996 (U.S. Environmental Protection Agency, 1993).
Although use of TCA is being phased out, sources indicate that
relatively large quantities of TCA were still being produced in
the United States after this date, with 151 and 147 million kilo-
grams of TCA produced in 1997 and 1998 (fig. 2). Under the
Clean Air Act, TCA may be produced domestically for export
(Agency for Toxic Substances and Disease Registry, 2004).

Trichloroethene

TCE is used mainly as a chemical intermediate in the
production of hydroflurocarbon refrigerants and as a metal
cleaning agent (Halogenated Solvents Industry Alliance, 2001).
TCE is especially valuable as a metal degreaser because of its
cleaning properties, low flammability, and lack of a measurable
flashpoint. Four main industries use TCE in vapor or cold
degreasing operations—furniture and fixtures, fabricated metal
products, electrical and electronic equipment, and transport
equipment (U.S. Department of Health and Human Services,
2005). TCE also is used as a chemical process intermediate in
fluorochemical and polyvinyl chloride production. In 1999,
more than 50 percent of TCE was used as a chemical inter-
mediate, 42 percent was used in metal degreasing and cleaning,
and the remainder was used for miscellaneous purposes
(Halogenated Solvents Industry Alliance, 2001). TCE also can
be found in a variety of commercial and consumer products
such as adhesives, lubricants, paints, varnishes, paint strippers,
pesticides, and cold metal cleaners (U.S. Department of Health
and Human Services, 2005).

Production of TCE declined by almost 80 percent from
1970 to 1990 (fig. 2). This decline is most likely due to the
human-health concerns associated with the use of TCE. In
1998, U.S. demand for TCE was about 78 million kilograms, of
which about 7 million kilograms were imported. In 1998, about
38 million kilograms of TCE were exported (Halogenated
Solvents Industry Alliance, 2001).

Health Effects of Solvents

Solvents have been associated with both acute and chronic
human-health problems. Acute health problems are those that
reach a critical point in a relatively short period of time. Chronic
health problems are those that occur over a lengthy period of
time and include both cancer and noncancer effects. The health
effects of solvents can be different depending on the route of
exposure. There are numerous exposure routes for solvents in
the human body. For solvents in ground water, exposure occurs
mainly through drinking water containing solvents and through
breathing solvents that have been transferred from water to air.
Solvents can get into air by volatilization from contaminated
drinking water in showers or taps.

Although a large amount of data indicates negative health
effects from exposure to solvents, not all data indicate a nega-
tive health effect. In 1992, concentrations of as much as
212 micrograms per liter (ug/L) of TCE and 180 pg/L of PCE
were found in the drinking water of two villages in Finland.
Even though the time of exposure may have been as long as
several decades for some people, no increased incidence rates of
total cancer, liver cancer, non-Hodgkin’s lymphoma,
Hodgkin’s disease, multiple myeloma, or leukemia were
observed in the exposed population. The contaminants
appeared to be metabolized by exposed individuals and
excreted as dichloroacetic or trichloroacetic acid (Vartiainen
and others, 1993).

Methylene Chloride

The effects of acute inhalation of methylene chloride in
humans include decreased visual, auditory, and psychomotor
functions and effects on the central nervous system, but these
effects are reversible once exposure ceases. Tests involving
acute exposure of animals to methylene chloride have shown
moderate acute toxicity from oral exposure (Agency for Toxic
Substances and Disease Registry, 2000). The major effects
from chronic inhalation exposure to methylene chloride in
humans are effects on the central nervous system, headaches,
dizziness, nausea, and memory loss. Animal studies indicate
that the inhalation of methylene chloride causes effects on the
liver, kidney, central nervous system, and cardiovascular
system (Agency for Toxic Substances and Disease Registry,
2000).

Animal studies have demonstrated that methylene chloride
crosses the placental barrier, and minor skeletal variations and
lowered fetal body weights have been noted. No studies have
indicated developmental or reproductive effects in humans
from inhalation or oral exposure (Agency for Toxic Substances
and Disease Registry, 2000).

According to the U.S. Department of Health and Human
Services (2005) in its eleventh annual report on carcinogens,
methylene chloride is reasonably anticipated to be a human
carcinogen based on sufficient evidence of carcinogenicity in
experimental animals. The USEPA has set an MCL in drinking



water of 5 ug/L for methylene chloride to be protective of both
cancer and noncancer health effects. The USEPA also classifies
methylene chloride as a group B2 carcinogen (probable human
carcinogen), indicating that sufficient evidence in animals
exists to classify it as a carcinogen but evidence in humans is
lacking (U.S. Environmental Protection Agency, 2004a). The
USEPA is currently reassessing the human-health effects of
methylene chloride but the study will not be completed until
2006 or later (U.S. Environmental Protection Agency, 2005b).

Perchloroethene

The effects of acute inhalation of PCE in humans include
irritation of the upper respiratory tract and eyes, kidney
dysfunction, and at lower concentrations, neurological effects
such as reversible mood and behavioral changes, impairment of
coordination, dizziness, headache, sleepiness, and unconscious-
ness. However, mice exposed acutely to PCE from oral routes
indicated low toxicity. The major noncancer effects from
chronic inhalation exposure to PCE in humans include neuro-
logical effects, such as sensory symptoms and headaches,
impairments in cognitive and motor neurobehavioral func-
tioning, color vision decrements, cardiac arrhythmia, liver
damage, and possible kidney effects (Agency for Toxic
Substances and Disease Registry, 1997a).

Some adverse reproductive effects, such as spontaneous
abortions, menstrual disorders, altered sperm structure, and
reduced fertility, have been reported in studies of workers occu-
pationally exposed to inhalation of PCE. However, no defini-
tive conclusions can be made because of the limitations of the
studies (Agency for Toxic Substances and Disease Registry,
1997a). In one study of residents exposed to drinking water
contaminated with PCE and other solvents, there was an indica-
tion that birth defects were associated with exposure. However,
no firm conclusions can be drawn from this study due to
multiple chemical exposures and problems with the analysis
(Agency for Toxic Substances and Disease Registry, 1997a).

According to the U.S. Department of Health and Human
Services (2005) in its eleventh annual report on carcinogens,
PCE is reasonably anticipated to be a human carcinogen based
on sufficient evidence of carcinogenicity in experimental
animals. Epidemiological studies of dry-cleaning workers
exposed to PCE and other solvents indicate an increased risk for
a variety of cancers. However, these studies were complicated
by confounding factors such as lifestyles of the participants
(Agency for Toxic Substances and Disease Registry, 1997a). In
animal studies, an increased incidence of liver tumors in mice
from inhalation and gavage exposure to PCE has been reported.
An increased rate of kidney and mononuclear cell leukemia in
rats through inhalation exposure also has been reported (U.S.
Environmental Protection Agency, 1988, 2000b; Agency for
Toxic Substances and Disease Registry, 1997a). One study
involving humans reported that there was a potential associa-
tion between drinking water contaminated with PCE and an
increased risk of childhood leukemia. However, the statistical
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significance of the incidence of leukemia has not been resolved
(Agency for Toxic Substances and Disease Registry, 1997a).

The USEPA has set an MCL in drinking water of 5 ug/L
for PCE to be protective of both cancer and noncancer health
effects (U.S. Environmental Protection Agency, 2004a). As of
2004, the USEPA does not have a classification for the
carcinogenicity of PCE (U.S. Environmental Protection
Agency, 2004a). However, the USEPA’s Science Advisory
Board placed PCE on a continuum between probable human
carcinogen (B2) and possible human carcinogen (C). The Inter-
national Agency for Research on Cancer also has classified
PCE as a probable human carcinogen (Agency for Toxic
Substances and Disease Registry, 1997a). The USEPA is
currently reassessing the human-health effects of PCE but the
study will not be completed until 2006 or later (U.S. Environ-
mental Protection Agency, 2005b).

1,1,1-Trichloroethane

The effects of acute inhalation of TCA in humans include
mild hepatic effects, mild motor impairment (for example,
increased reaction time), lightheadedness, impaired balance,
dizziness, nausea, vomiting, diarrhea, loss of consciousness,
decreased blood pressure, and ataxia. Cardiac arrhythmia and
respiratory arrest may result from the depression of the central
nervous system (Agency for Toxic Substances and Disease
Registry, 2004). Tests involving acute exposure of rats, mice,
rabbits, and guinea pigs have demonstrated that TCA has a low
acute toxicity from oral exposure. Most studies have not
reported adverse effects from chronic oral or inhalation expo-
sure to low levels of TCA in humans or animals (Agency for
Toxic Substances and Disease Registry, 2004). Some liver
damage and neurological effects have been observed in rodents
chronically exposed to TCA by inhalation (U.S. E