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The health risks posed by soil pollutants are generally thought to be due to soil
ingestion and have often resulted in massive regulatory efforts to remedy such
contamination. The contribution of this route to the actual human health haz-
ard has been questioned, however, as soil removal alone seems to have little
influence on the body burdens of soil contaminants in exposed individuals.
Ongoing research also has repeatedly and substantially reduced the estimates
of soil ingested daily. Because comparatively little time is spent outdoors by
most individuals, exposure to soil brought indoors, present as house dust, is
now thought to be nearly as important as the direct ingestion of soil. Exposure
via house dust has not been studied specifically, but several observations sug-
gest that it may be important. Dust is largely composed of fine particles of
tracked-in soil. The smaller dust particles cling to surfaces better than soil, and
contaminant concentrations are often higher in house dust. Fine particles are
likely to be more bioavailable, and degradation is slower indoors.
Contaminants thus may be concentrated and more readily available in the
areas most frequented. In some studies, contaminant levels in dust are corre-
lated more closely with body burdens of contaminants than other sources, sug-
gesting that this route should be considered when assessing risks from soil.
Until more research addressing exposure to dust is conducted, recommenda-
tions for assessing potential health risks from this pathway are provided.

Keywords contaminated soil, environmental risk, exposure assessment,
house dust, soil ingestion

Not long ago, the annual meeting of the International Society of Risk
Assessors was held in the same city as the annual meeting of the
International Society of Risk Managers. Because the meetings were
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held in different hotels, each group remained blissfully unaware of the
other’s presence in the city. After many learned presentations detailing
their respective successes at protecting society from the risks con-
fronting it, both groups elected to spend the final day of their meetings
in relaxation. The risk assessors settled on a day at the beach whereas
the risk managers decided on an ascent in a hot air balloon.

Shortly after take-off, the risk managers found themselves engulfed
by fog and buffeted this way and that by treacherous winds until they
were hopelessly lost. After what seemed hours aloft, they chanced on a
break in the clouds. Below them, they spied the risk assessors at play
on the beach. Attracting the attention of the risk assessors, they
shouted down, “Where are we?” The risk assessors huddled together,
considering their answer, and after a short time, they replied, “You are
in a hot air balloon about 200 meters in the air.” With that the fog
closed in around the balloon and the wind drove it out to sea. As the
risk managers were being swept to their doom, one frustrated risk
manager asked another, “Why don’t risk assessors ever tell us anything
useful?” At the same instant on the ground, a risk assessor remarked to
his colleagues, “Isn’t it curious that risk managers never ask any really
important questions?”

While this is an apocryphal tale, it has bearing on the issue of conta-
minated soils, house dust, and the risks both may pose to individuals
exposed to them. In the early 1980s, at places such as Love Canal and
Times Beach, questions were raised regarding the significance of conta-
minated soil regarding human health. Because the literature contained
reports describing the hand-to-mouth activity by young children and
ingestion of nonfood items and anecdotal reports of pica and geophagia
in both children and adults, risk assessors concluded that ingestion of
soil-bound contaminants might be an important pathway of human
exposure to environmental contaminants. Since then, numerous papers
have been published that discuss soil ingestion or dermal contact as it
pertains to environmental exposure and risk assessment. Few have
discussed, however, the significance of house dust and its relative con-
tribution to the total human uptake of environmental contaminants.

EVOLUTION OF SOIL INGESTION ESTIMATES

The first estimates of the soil ingestion rates by children were little
more than informed, albeit conservative, guesses (Kimbrough et al.,
1984). The results of using these values in risk assessments made it
clear that this exposure pathway would dominate most exposure
assessments and risk management decisions when soil contaminants
were present. For example, as shown by Paustenbach (1987), direct
ingestion of contaminated soil represented 75% to 90% of the predicted
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risk associated with most hazardous waste sites. In the absence of
actual measures of soil ingestion, these estimates drove remedial
actions involving contaminated soil throughout the 1980s and 1990s
(Paustenbach, 1995).

Questions were raised about the accuracy of these soil ingestion
estimates almost immediately, and applied research was undertaken
to develop and refine quantitative estimates of soil ingestion rates,
especially in children (Paustenbach, 1987). These studies relied on a
mass balance approach in which multiple, poorly absorbed tracer ele-
ments were used as surrogates of soil ingestion (Binder et al., 1986;
Clausing et al., 1987; Van Wijnen et al., 1989; Calabrese et al., 1989;
Davis et al., 1990). The difference in the levels of tracers in materials
ingested daily by the subjects (e.g., food, medicines, vitamins) com-
pared with the levels detected in stool and urine samples collected
daily was assumed to be due to ingested soil. By analyzing the tracer
content of the associated soil and dust, an estimate of the daily soil
ingestion was developed for each subject for each tracer used. Such
studies (Calabrese et al., 1989) indicated that for the most reliable
tracers soil ingestion rates for children were between 9 and 40 mg/day.
Continued evaluation and improvement of these techniques and the
results convincingly established the accuracy of these techniques and
extended their application (Stanek et al., 1988; Calabrese et al., 1990;
Stanek and Calabrese, 1991; Calabrese and Stanek, 1991; Calabrese
et al., 1991; Calabrese and Stanek, 1992a,b; Stanek and Calabrese,
1992; Calabrese et al., 1993a,b; Stanek and Calabrese, 1995a,b;
Calabrese and Stanck, 1995a,b). Appling (personal communication,
1996), using lead as a tracer, estimated a daily soil intake of approxi-
mately 10 mg/day, similar to the 4-mg/day, estimate of de Silva (1994)
for the same element. The regulatory response in the United States to
these studies has been to lower the default values for childhood soil
ingestion rates from a high of 10,000 mg/day in 1982 to a reasonable
maximum exposure of 200 mg/day for children (United States
Environmental Protection Agency [U.S. EPA], 1995a).

Despite a reduction of nearly three orders of magnitude in what is
believed to be the accurate childhood soil ingestion rate (Table 1), the
soil pathway still dominates many risk assessments, mostly due to the
continued use of the EPA’s relatively high default soil ingestion rate
(200 mg/day) and the unrealistic exposure scenarios often required by
Federal and state regulatory agencies. Such exposure scenarios typi-
cally assess a child’s risk due to ingestion of their entire daily ration of
soil from the area of highest contamination without regard to the
amount of time actually spent outdoors on site, the horizontal and ver-
tical distribution of contaminants in the soil column, issues of con-
taminant half-life, or bioavailability (Paustenbach et al., 1992a,b;
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Table 1. Source of historical estimates of the soil ingestion rates for children
typically used in health risk assessment (1984 to 1996)

Study Soil Ingested (mg/day)
Kimbrough et al., 1984¢ 10,000
Hawley, 1985 200
Paustenbach, 1986° 100
Binder et al., 1986° 100-600
Clausing et al., 1987¢ 100-1,000
Van Wijnen et al., 1989° 100-150
Calabrese et al., 1989¢ 10-40
Davis et al., 1990¢ 25-80

de Silva, 1994 4
Appling (personal communication, 1996) 10

“Used to assess Times Beach, MO.
"Used in an alternative assessment of Times Beach, MO.
‘Quantitative tracer studies.

Paustenbach et al., 1996). The result has been the expenditure of tens
of billions of dollars in the United States in the past 20 years to imple-
ment extensive soil remediation programs.

POSSIBLE IMPORTANCE OF HOUSE DUST
IN LEAD EXPOSURE

Unfortunately, the money spent to remediate contaminated sites often
has not produced measurable declines in the body burdens of the con-
taminant in exposed residents or improvement in the public health.
One reason may be that soil ingestion is not the predominant way that
most individuals are exposed to xenobiotics in their environment. If, for
example, house dust is a major source of exposure, it is not surprising
that removal of contaminated soil has produced little or no change in
body burdens of the contaminant of concern (Kimbrough, 1995;
Kimbrough et al., 1995; U.S. EPA, 1995b; Weitzman et al., 1993). There
is growing evidence that in-home exposure is as important as exposure
to exterior soils (Paustenbach, 1995). This evidence is largely derived
from experience with inorganic contaminants such as lead (Sayre et al.,
1974; Vostal et al., 1974; Lepow et al, 1975; Charney et al., 1980;
Duggan, 1980; Roels et al., 1980; Bornschien et al., 1985), cadmium
(Buchet et al., 1980), and arsenic (Polissar et al., 1990; Buchet et al.,
1980), although similar findings have been reported for some pesti-
cides (Davies et al., 1975) and polychlorinated biphenyls (PCBs)
(McClanahan, personal communication, 1996). A model discussed by
Clark et al. (1991) identified dust on children’s hands as the primary
source of lead exposure. Exterior soil and house dust both contribute to
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hand dust in this model, but the relative contribution of each compart-
ment is still unclear.

These observations, together with experimental evidence suggesting
that 50% or more of the soil ingested by children on a daily basis is com-
posed of house dust (Stanek and Calabrese, 1992), raise concern that
dust may be a more important source of exposure to many, and perhaps
most, long-lived (persistent) pollutants than exterior surface soil.
Surface soil, therefore, may primarily be important as it influences the
pollutant content of house dust, and soil removal or treatment as a
remedial alternative may be ineffective at reducing human exposure if
the house dust remains unaddressed. Consistent with the moral of our
cautionary opening tale, the risk assessors may have provided the cor-
rect answer to the wrong question. We may have focused at many sites
on the wrong medium in seeking to reduce the health risks posed by
soil-bound contaminants.

In the absence of specific studies designed to test hypotheses regard-
ing the role of house dust in exposure to soil-bound contaminants, the
significance of house dust as an exposure vehicle remains somewhat
conjectural. However, information from the literature is suggestive
regarding the importance of house dust. The literature about sites con-
taminated with lead is the most persuasive. For example, during a
study on lead exposure resulting from the operations of a former sec-
ondary smelter in Illinois that had contaminated the surrounding resi-
dential neighborhoods, Kimbrough et al. (1994) reported the results of
educating the parents of children whose blood lead levels exceeded the
Center for Disease Control (CDC)’s acceptable level of 10 pug/dl about
sources of lead in the home and simple techniques to reduce exposure
(e.g., hand washing, dust control). An average drop of blood lead levels
of 50% was achieved immediately in these children, and the reduction
persisted for at least 1 year. Because this reduction was achieved in the
presence of elevated soil lead levels and lead paint in many of the
homes, the authors concluded that house dust is a critical factor in pre-
dicting blood lead levels and that control of this medium had a signifi-
cant effect on the body burden. Similarly, Clark and coworkers reported
a decline in blood lead levels after dust control measures were imple-
mented in Cincinnati homes (Clark et al., 1988; Clark et al., 1991; U.S.
E PA, 1995b), although the decrease was not as pronounced as that
reported by Kimbrough et al. (1994).

The Cincinnati portion of the U.S. EPAs Urban Soil Lead Abatement
Demonstration Project (or Three City Study; U.S. EPA, 1995b) is the
only study specifically designed to evaluate the effect of lead abatement
of exterior soil and interior dust as an intervention technique for lead
exposure. This study evaluated three different intervention strategies
in neighborhood areas: exterior soil and dust removal (area A); interior
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dust abatement (area B); and no action (area C). Soil lead abatement
had little effect on blood lead levels, but a positive influence on blood
lead reduction was noted in the neighborhoods in which interior dust
abatement was performed. The difference, however, was not statisti-
cally significant, perhaps because of issues of sample size or the rela-
tively low lead concentrations in dust, soil, or blood. Ten months post-
abatement, the decline in blood lead levels was 2% in area A, 18% in
area B, and 6% in area C. Interestingly, one of the main conclusions
from each of the cities in the study (Boston, Baltimore, and Cincinnati)
was that soil abatement was ineffective at reducing the lead burden of
resident children. This suggests that the critical determinant of blood
lead levels in children (and arguably adults) lies somewhere other than
via direct soil ingestion.

Subsequent analysis of the Illinois data indicated that soil lead con-
tributed only approximately 3% to the variance in the blood lead levels,
whereas interior conditions explained four or more times the variance
in body burdens (Kimbrough et al., 1995). Similar to findings from
other studies (Angle and MclIntire, 1979), inclusion of all environmen-
tal parameters in the analysis explained only approximately 40% of the
variance again, indicating that behavioral and other factors may be as
important or more important determinants of body burden than envi-
ronmental parameters. Milar and Mushak (1982) and Charney et al.
(1983) also have reported significant reductions in the lead burden of
children after the reduction of interior dusts in their homes (even with-
out addressing other potential sources).

ROLE OF HOUSE DUST IN EXPOSURE
TO OTHER CHEMICALS

Lest one believe that, because of its past indoor use, lead is a unique
case, other studies have suggested similar relationships between expo-
sure to house dust and the body burdens of other persistent contami-
nants. For example, Buchet et al. (1985) reported a relationship
between hand dust and urinary levels of arsenic and cadmium in a pop-
ulation near a Belgian smelter. Likewise, in the United States, Polissar
et al. (1990) found a similar relationship between arsenic in hand dust
and urinary arsenic levels. Davies et al. (1985) related the high levels of
organochlorine pesticides in serum of a West Indies population, with
the high levels of the pesticides found in house dust. Warnick (1972)
also reported a positive, although not statistically significant, associa-
tion between pesticides in house dust and serum in Utah residents, and
Burns and Miller (1975) reported an association with hexachloroben-
zene in house dust and serum in a Louisiana population. McClanahan
(personal communication, 1996) reported that serum PCB levels in a
Mississippi population were better correlated with interior surface
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wipe samples than with soil concentrations or other environmental
media. Although Stern et al. (1992) reported an association between
chromium levels in house dust and urine, subsequent reduction in
chromium levels in the house dust did not produce a reduction in uri-
nary chromium levels (Freeman et al., 1995b). This may have been due
to the marginal increase in the reported urinary chromium levels com-
pared with background concentrations in urine.

Although such evidence is suggestive of a link between exposure to
dust and body burdens, few studies designed to test this hypothesis
specifically have been performed to date. There are, however, numerous
studies that have reported a lack of a relationship between exterior soil
levels and body burdens. It is our view that models that rely primarily
on soil contact and ingestion as the sole or primary exposure pathway
for soil-bound contaminants may be erroneous. In addition to the
results of the Three City Study cited previously for lead (Weitzman et
al., 1993; U.S. EPA, 1995b), the CDC failed to find elevated PCB body
burdens in a dozen populations exposed to soil PCB levels as high as
13% (Kimbrough, 1995). A similar lack of elevation in average PCB
serum concentrations has been reported for gardeners working with
PCB-contaminated sewage sludge (Baker et al., 1980) or for other expo-
sures involving contaminated soils (Miller et al., 1991; Yaffe and
Reeder, 1989). Although the picture is far from complete, the data
suggest that remediation of exterior surface soil may not eliminate
exposure and that, in many cases, cleaning homes of dust may produce
excellent results at a fraction of the cost of remediating the site.

COMPOSITION OF HOUSE DUST

House dust is a heterogenous mixture. A number of sources contribute to
this mix, including tracked-in or resuspended soil particles, clothing,
atmospheric deposition of particulates, hair, fibers (artificial and nat-
ural), molds, pollen, allergens, bacteria, viruses, arthropods, ash, soot,
animal fur and dander, smoke, skin particles, cooking and heating
residues, and building components among others (Lioy et al., 1993).
Various researchers have examined the contribution of exterior soil to
interior dusts (Stanek and Calabrese, 1992; Fergusson and Kim, 1991;
Camann and Harding, 1989; Thornton et al., 1985; Hawley, 1985). These
studies suggest that approximately 50% of house dust originates from
exterior soil (Table 2), although a good deal of additional data are needed
to gain confidence in this value.

The importance of exterior soil to the creation of interior dust is
illusted by the work of Roberts et al. (1990), in which the amount of
lead found in carpet was reduced by 90% or more by the simple expedi-
ent of removing shoes or using walk-off mats. Similarly, Thatcher and
Layton (1995) demonstrated that the dust mass in a home declines as
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Table 2. Estimates of the relative contribution of exterior soil to house dust

Investigator % Dust from Soil
Hawley (1985) >80
Thornton et al. (1985) 20
Camann and Harding (1989) 50
Fergusson and Kim (1991) 30-50
Calabrese and Stanek (1992) 20-78

one moves from the entry way through the home in relation to the traf-
fic patterns. These researchers also concluded that the walls of a house
present little barrier to the penetration of soil particles resuspended in
outside air. It is unclear whether this was due to open doors, open win-
dows, or simply miscellancous leaks. Nonetheless, the exterior soil
appears to serve in many cases as a reservoir from which contamina-
tion may be carried into the house and to provide on-going exposure to
residents through dust.

CHARACTERISTICS OF HOUSE DUST THAT
INFLUENCE EXPOSURE POTENTIAL

Several characteristics suggest that contaminated house dust may pre-
sent a greater hazard to residents than contaminated soil. The key
issues appears to be (1) particle size distribution, (2) the concentration
of contaminants in dust relative to exterior soils, (3) fine particle
enrichment, and (4) bioavailability of the fine versus the larger
particles.

Dust Particle Size Distribution

House dust is composed of smaller particles than soil. For example,
Bornschien et al. (1988) reported that §82% of exterior soil in their study
area was larger than 150 pm in diameter, whereas Roberts et al. (1991)
found that only 50% of house dust exceeded this diameter. Most impor-
tant, Duggan et al. (1985) reported that greater than 99% of dust on the
hands of children was less than 150 um in diameter, and, in fact, 98%
was less than 10 pm in diameter. Similar findings of the size distribu-
tion of hand dust were reported by Bornschien et al. (1988), Duggan
and Inskip (1985), and Que Hee et al. (1985). In addition to being more
mobile, as suggested by the influence of size on deposition rates
(Thatcher and Layton, 1995), the evidence suggests that fine particles
adhere to skin more effectively thus increasing exposure potential
(Kissel et al., 1996; Finley et al., 1994).
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Dust/Soil Contaminant Ratios

In general, the concentration of contaminants appears to be greater in
house dust relative to exterior soil. For example, the dust/soil ratio for
lead ranges from 0.3 to 9.2 in studies conducted both in Europe and
North America (ATSDR, 1995; U.S. EPA, 1995b, Kimbrough et al.,
1995; MDH, 1995; Cambra and Alonso, 1995; Bornschien et al.,
1991a,b; Howells and Thornton, 1991; CDH, 1990; Thornton et al.,
1990; Davies et al., 1990; Moffat, 1989; Bornschien et al., 1988;
Schilling and Bain, 1988; Davies and Thornton, 1987; Harper et al.,
1987; Thornton, 1986; Bornschien et al., 1986; Panhandle District,
1986; Duggan and Inskip, 1985; Angle et al., 1984; Culbard and
Johnson, 1984; Culbard et al., 1983; Stark et al., 1982; Diemel et al.,
1981; Angle and Mclntire, 1979; Yankel et al., 1977; Lepow et al., 1975;
Angle et al., 1974; Roberts et al., 1974). The lead levels in house dust
are typically greater than those in exterior soils in most studies in
which samples from both compartments were collected and analyzed
(Table 3). Mining or smelting areas were more likely to have an ele-
vated concentration of contaminants in soil compared with the concen-
tration in dusts. However, in such cases, the concentrations of lead
found in house dust were usually much higher than the levels found in
homes from non-source dominated areas.

A similar relationship between dust and soil concentrations have
been reported for other contaminants including cadmium (MDH, 1995;
ATSDR, 1995; Bornschien et al., 1991a; CDH, 1990; Harper et al., 1987;
Culbard and Johnson, 1984; Culbard et al., 1983; Moorcroft et al., 1982;
Thornton et al., 1980), copper (Harper et al., 1987; Culbard and
Johnson, 1984), zinc (Harper et al., 1987; Culbard and Johnson, 1984;
Moorcroft et al., 1982; Thornton et al., 1980), pesticides (Fortmann et
al., 1991; Budd et al., 1990; Yeh et al., 1977; Davies et al., 1975), and
polynuclear aromatic hydrocarbons (Roberts et al., 1993). Arsenic, on
the other hand, typically displays a dust/soil ratio of less than 1.0,
although a few studies have reported higher arsenic levels in house
dust than soil (Freeman et al., 1995a; Bornschien et al., 1991a,b; CDH,
1990; Culbard and Johnson, 1984). Finally, Calabrese et al. (1989)
reported the following dust/soil ratios for various crustal elements in
Massachusetts: aluminum (0.7), titanium (1.4), barium (1.4), man-
ganese (0.7), vanadium (0.8), yttrium (0.7), and zirconium (1.0). From
the available data, it is clear that the concentration of contaminants in
house dust often may be greater than exterior soil levels by a factor of
1.5 to 6.0 (Thornton et al., 1985) and occasionally can exceed the con-
centrations found in exterior soils by factors of up to 10. Such differ-
ences, in many cases, could significantly influence the outcome of expo-
sure assessments when all relevant factors are taken into account.
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Table 3. Survey of published values that present the ratio of the
concentrations of lead in house dust compared to the
concentration in exterior soil

Location Dust (ppm) Soil (ppm) Ratio Source

UK 507 230 2.2  Harper et al., 1987
UK 561 289 1.9 Thornton et al., 1990
UK 1,263 486 2.6  Culbard et al., 1983
UK (London) 1,010 430 2.3 Thornton et al., 1990
UK (Derbyshire) 1,870 4,390 0.4 Thornton et al., 1990
UK (Shipham) 1,185 3,829 0.3 Thornton et al., 1990
Netherlands 957 240 3.9 Diemel et al., 1981
Canada 713 99 7.2  Roberts et al., 1974
Canada 1,550 1,715 0.9 Roberts et al., 1974
Spain 595 136 4.4 Cambra and Alonso, 1995
USA (CT) 11,000 1,200 9.2 Lepow etal., 1975
USA (IL) 1,283 450 2.9 Kimbrough et al., 1995
USA (MA) 1,094 707 1.5 U.S. EPA, 1995b

USA (MD) 1,334 231 5.8 U.S. EPA, 1995b

USA (MO) 608 599 1.0 MDH, 1995

Fine Particle Enrichment

The data are fairly convincing that house dust is composed of a higher
percentage of fine particles than is exterior soil. In addition to influ-
ences on mobility and adherence, this also may be important in terms of
the absolute concentration of contaminant found in the house dust. For
example, various studies (Duggan et al., 1995; Sturges and Harrison,
1985; Que Hee et al., 1985; Rundle, 1984; Biggins and Harrison, 1980)
have reported that the lead levels in dust from different sources (e.g.,
streets, playgrounds, homes) increased as particle diameter decreased
from 500 to greater than 63 pum, although the inverse relationship
between lead concentration and particle size was not seen in data col-
lected in New Jersey homes (Wang et al., 1996). Other rescarchers have
reported similar observations for other metals, including lead, arsenic,
manganese, copper, chromium, and cadmium (Calabrese, personal com-
munication, 1996; Mullins and Norman, 1994; Van Borm et al., 1988;
Spittler and Feder, 1979) and pesticides (Calabrese, personal communi-
cation) in dust and soil. Although additional research is needed, it
appears prudent to assume that the smaller particles in house dust may
contain a higher concentration of contaminants than the coarser exte-
rior soil particles (per gram of particles).

Bioavailability of Fine Particles

Nearly all available data indicate that fine particles of house dust are
more bioavailable than soil particles, although the increase depends on
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many factors. For example, Healy et al. (1982) showed that as the par-
ticle size of lead sulfide increases from 30 to 100 um, the length of time
required to dissolve the particles in gastric fluid doubles. Similarly,
Barltrop and Meeks (1979) reported that blood lead levels in rats
declined as the lead particle size increased, indicating that large parti-
cles are less bioavailable than small ones. This phenomenon has been
reported for other chemicals on soil (Paustenbach et al., 1992a, 1997).
This observation (alone) suggests that house dust, because of size
alone, often may be a more important contributor to absorbed dose than
exterior soils.

There are characteristics of dust that make this exposure pathway of
interest in conducting risk assessments. First, 50% (or more) of house
dust originates from exterior soil, so the presence of contaminated soil
will result in contaminated house dust and an additional, generally
unassessed exposure pathway. The dust contains a higher proportion of
small particles and, as a consequence, is more mobile, more ecasily
ingested or respired, and possesses better skin adherence properties
than exterior soils. Hence, dust particles come in contact with humans
more casily (and often) than soil particles. The contaminant levels in
house dust are often higher than those in the exterior soil, and these
concentrations may be higher in the finest particles, so the assumption
that contaminant levels in house dust are similar in concentration or
behavior to those in soil usually will underestimate exposure, depend-
ing on the quality of housekeeping. As the contaminants on fine parti-
cles are more easily absorbed, exposure to contaminated house dust
may result in an increased absorbed dose relative to exposure to conta-
minated soils. One might assume, in light of this, that soil removal or
steps to prevent direct contact with soil (e.g., vegetative cover or physi-
cal barriers) should eliminate the dust problem altogether, particularly
if the source of the contamination is the soil alone. There are reasons,
however, why this might not be so.

INDOOR ENVIRONMENTAL FACTORS

Pollutant behavior is different in the indoor environment compared
with the outdoor and this, in turn, influences the exposure potential to
contaminants in house dust and soil. For example, contaminants in
exterior soils are subject to both biotic (i.e., microbial) and abiotic (i.e.,
photolysis, hydrolysis) degradation, aging, or dispersive influences
(e.g., wind, rain) that contribute to reduction in contaminant concen-
trations and loss of availability. It has been demonstrated that bioavail-
ability varies with the chemical form of inorganics (Barltrop and
Meeks, 1975; Barltrop and Meeks, 1979) and that the chemical form of
soil contaminants changes over time, usually in terms of decreasing
availability (Davis et al., 1993; Davis et al., 1992). Numerous
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researchers have demonstrated that metals in soil are less bioavailable
than the metal salts (Davis et al., 1993; Ruby et al., 1992; Davis et al.,
1992; Freeman et al., 1992; Chaney et al., 1989). For example, Chaney
et al. (1984) reported that lead acetate freshly added to soil was less
bioavailable than lead acetate alone, and the bioavailability further
decreased with time. The addition of organic and inorganic materials to
soil has been suggested as a soil treatment to reduce the bioavailability
of lead to plants and grazing animals, and there is some evidence that
it is effective (Zimdahl and Foster, 1976; Edwards and Clay, 1977). In a
recent review, Alexander (1995) found that similar processes influence
the availability of organics. Even though the absolute concentrations
may remain relatively constant, organic chemicals become increasingly
difficult to extract chemically from soil over time (often called weather-
ing). Their availability to soil micro-organisms also decreases as does
their toxicity to various species.

Because the indoor environment is characterized by limited sunlight,
relatively constant temperature and low humidity, no wind or rain dis-
persion, a comparatively low microbial population, and a lack of reac-
tive surfaces, the same degradative or aging processes that are effective
at removal or reduction of contaminants outside do not operate or they
operate at a much reduced efficiency indoors. This can be demonstrated
through the observation that pesticide residues from simultaneous
indoor and outdoor application can be found indoors long after they
have vanished from the outside (Lewis et al., 1991; Long, unpublished
observation, 1995).

Contaminants indoors also are protected from degradation by the
existence of numerous “traps” within the home, particularly carpets,
drapes, and upholstery (Roberts et al., 1995). Davies et al. (1985)
reported that the lead dust loading in carpet was the single best predic-
tor of children’s blood lead levels, and rug lead concentration and load-
ing are typically correlated with lead levels in foundation soil, yard soil,
and indoor paint (Fortmann et al., 1991; Roberts et al., 1990). In results
reported by Lewis et al. (1991), 20 of 31 target pesticides, including
some out of use for more than 20 years, were detected in carpet dust,
often in the part per million level. The older the home and rug, the
more pesticides were found. Normal cleaning does not markedly or
quickly reduced these levels (Hilts et al., 1995; Wang et al., 1995).
Roberts et al. (1993) report that a year or more of normal cleaning is
necessary to remove the dust reservoir that accumulates in rugs,
although Ewers et al. (1994) found that cleaning was generally ineffec-
tive in reducing the lead levels in chronically contaminated carpet and
recommended removal as a means to reduce exposure. The importance
of carpet dust as a source of exposure is further supported by the work
of Milar and Mushak (1982) who were able to effect marked reductions
in blood lead levels of children through rug cleaning.
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The exposure potential from these traps is increased by normal
household activities. Kamens et al. (1991) reported significant
increases in the level of suspended particles greater than 2.5 um as the
result of indoor activity, and Thatcher and Layton (1995) found that
walking across a room increases the mass of suspended particles by
100% or more. The size of the most readily affected particles is between
5 and 25 pm, which composed 82% of the indoor particle mass in their
study. Most cleaning activities ironically increase the likelihood of
exposure to dust and any associated contaminants. Most vacuum clean-
ers do not trap small (<20 um) particles and will simply re-entrain
them into the air (Ewers et al., 1994; Kamens et al., 1991; Lefcoe and
Inculet, 1975) from which they will then settle to exposed contact sur-
faces due to their high rate of deposition (Thatcher and Layton, 1995;
Ewers et al., 1994). Gulson et al. (1995) reported a fourfold increase in
surface dust loading after the first cleaning, as embedded dust is pulled
from within the carpet and redeposited on various surfaces. Similar
results were reported by Ewers et al. (1994). As studies have linked the
rate of touching objects and surfaces as significantly related to eleva-
tion of blood lead levels among children (Roberts et al., 1993; Davies et
al., 1990), such contaminant cycling may produce a significant contri-
bution to the total exposure among residents.

The indoor environment also may contribute to increased exposure
because the low humidity that exists in most indoor environments pre-
vents particle coagulation and condensation, making it easier to resus-
pend particles and increase contact (Thatcher and Layton, 1995) than
it would be outdoors. At the same time, low humidity promotes
increased adherence of particles to the skin or clothing through electro-
static attraction (Schneider et al., 1994; Knutson, 1992; Que Hee et al.,
1985) and an increased potential for absorption of chemicals through
the cracked, dry skin produced by low humidity environments (Shu et
al., 1988).

There is thus ample evidence to suggest that house dust can be more
important than exposure to contaminated exterior soils. First, most
people spend most of their time indoors. In the United States, 90% or
more of time is spent indoors and little of the time outdoors is spent in
direct (or indirect) contact with soil (U.S. EPA, 1995a). Second, the
potential exposure to interior dust is much greater than for exterior
soils. This is especially true for children during the ages of highest
likely dust or soil ingestion (1-4 years of age). For instance, the blood
lead levels of most children typically peak between ages 2 and 3 years
(Duggan, 1983) and return to background by age 5. Unsupervised out-
door play is also generally the lowest during this age period, and
mouthing of nonfood items is actively discouraged by caregivers. Third,
house dust consists of finer particles than soil and these fine particles
are more mobile, adhere better to the skin or clothing, and are more
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easily ingested or respired. Fourth, contaminant levels may be higher
in house dust than in the associated soils and may be higher in the
finer, more available fraction of dust. Fifth, the indoor environment
also protects residues from the degradation, aging, or dispersion that
serves to reduce the levels or availability of contaminants outdoors.
Finally, the normal activity that occurs in residues causes constant
resuspension and settling of contaminants from dust traps, resulting in
a higher frequency of contact with contaminated surfaces and a longer
duration of exposure to dust-borne contaminants as a result. The pro-
tection and cycling afforded by dwellings probably explain the higher
levels and persistence of contaminants found in house dust compared
with those in exterior soil. This explains why soil remediation alone
may be insufficient to eliminate exposure to contaminants.

ASSESSING EXPOSURE TO HOUSE DUST

Having demonstrated that house dust is a potentially important source
of exposure, the problem becomes how best to assess and quantify expo-
sure. Exposure to contaminants contained in house dust can occur
through several paths, including inhalation or swallowing and absorp-
tion of suspended dusts; dermal contact with dust and dusty surfaces
and subsequent absorption across the skin; ingestion of dusts as the
result of hand-to-mouth activity; or ingestion as the result of dust
transferred from hands or surfaces to food, drink, or other items placed
in the mouth. Unfortunately, to the best of our knowledge, no studies
have been conducted to date or are under way to determine specifically
the extent of contaminant uptake via any of these pathways. The
opportunities for identifying an appropriate population for studies are
few and decreasing. Further, no validated methods for assessing conta-
minant uptake from house dust currently exist nor are there any
accepted exposure default parameters.

Among the issues that must be resolved before any substantial
progress can be made in understanding the significance of this expo-
sure pathway is the answer to the question, “What constitutes an
appropriate dust sample?” Dust sampling generally has relied on two
measures to assess contamination and exposure potential: contaminant
loading and contaminant concentration. The contaminant concentra-
tion, typically expressed as milligrams of chemical per gram of dust, is
the more useful dosimetric for assessing whether contamination actu-
ally exists. The contaminant loading, typically expressed as milligrams
of chemical per square centimeter of surface area, is a function of the
contaminant concentration (mg chemical/g dust) and the amount of
dust on a contact surface (g dust/cm? surface), and this is probably the
most appropriate measure of potential exposure (Lioy et al., 1993). Any
dust sampling program, however, should evaluate both.
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Dust sampling methodologies have been in use since the 1940s but
are crude, unstandardized, and unvalidated. Samples have been col-
lected using a variety of techniques, including wiping surfaces with
treated paper, paper towels, filter paper, moist cloth, or diaper wipes;
collecting dust using tape, microscope slides, or Petri dishes; vacuum-
ing surfaces; or simply emptying the houshold vacuum cleaner and
analyzing the contents (Watt et al., 1983). There is no agreement on
where or how many samples should be collected. A high degree of sam-
pling variability exists between individuals collecting samples, even
those using the same technique. Protocols for intramethod comparisons
are poor or lacking altogether. Little information exists on the collec-
tion efficiency of the various methods and the influence of particle size
or other physical characteristics of house dust, and appropriate quality
assurance steps are lacking (Caplan, 1993; Lanphear et al., 1995).

Opportunities for research into these questions abound and some
progress has been made. For example, Lioy et al. (1993) have developed
a dust sampler for smooth surfaces that addresses and reduces many of
the sources of variability that affect other methods including area sam-
pled, number of wipes, and pressure applied while sampling. It has
undergone limited laboratory and field trials but it appears promising
(Freeman et al., 1996). Additional validation and protocol development
for dust sampling is required. Roberts et al. (1991) have developed
methodologies and specialized vacuums equipped with cyclones to col-
lect dust from carpet. It is unclear, however, how much of the dust col-
lected in this manner actually would have been available for contact
and how much was embedded in the carpet away from exposure. Side-
by-side comparisons of the wipe and cyclone collection methods have
been conducted (Farfel et al., 1994a,b). Additional research is required
to address a number of questions before such techniques gain wide
acceptance for use in exposure assessment (Millson et al., 1994).

In the interim, a few suggestions are offered for how to estimate
exposure through house dust: (1) assume that house dust contains
more (2-5 times) of a contaminant than exterior soil in the absence of
site-specific data; (2) assume that dust contributes a substantial por-
tion of the daily soil ingestion rate (50% based on the contribution of
soil to dust or perhaps 90% based on the relative proportion of time
spent indoors and out); (3) assume a skin adherence rate of 0.5 to 1.0
mg/cm?® of skin or higher based on the fine particle size and electrosta-
tic attraction (Kissel et al., 1996; Finley et al., 1994); and (4) assume an
airborne indoor dust level of 0.05 mg/m® in the absence of site-specific
information. The dosemetrics of wipe sampling are important in the
exposure assessment process (Adgate et al., 1995).

To understand and assess the significance of exposure to house dust,
a research agenda must focus on a validated house dust sampling
methodology that provides both loading and concentration measures or
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a method for conservatively estimating house dust contaminant levels
on the basis of exterior soil concentrations. Additionally, specific quanti-
tative estimates are needed for dust ingestion rates by age group
(Stanek and Calabrese, 1992), dust adherence factors for skin (Finley et
al., 1994), dermal and oral bioavailability of contaminants from house
dust (Paustenbach et al., 1996; Shu et al., 1988), contaminant and par-
ticle distribution, respirable fractions, and the influence of activity on
resuspension and exposure potential. Much work similar to that
recently published by Kissel et al. (1996) is needed to understand more
precisely the contribution of house dust to the total uptake of a chemical.

CONCLUSION

Although there is much suggestive evidence, little is currently known
about the quantitative significance of house dust when assessing the
relative uptake of environmental contaminants. Research to date has
focused almost exclusively on the role of soil in contributing to expo-
sure. Although definitive studies have yet to be done, the contaminants
in and the physical characteristics of house dust leave little doubt that
this environmental compartment probably represents a substantial
source of exposure to the public. In some if not most cases, house dust
may be a more important source of exposure than the contaminated soil
from which it is in large part derived. Thus, it should now be recognized
that models in which direct soil contact is estimated to be responsible
for most of the uptake of contaminants are likely to be in error. For
instance, the U.S. EPA’s (1994) Integrated Exposure Uptake Biokinetic
Model for childhood lead exposure attributes 100% of blood lead levels
to environmental sources, mostly soil. This is despite the fact that the
contribution of all environmental compartments to lead body burdens
rarely accounts for more than 40% of the variance in the blood lead
(Kimbrough et al., 1995). Other routes and behavior, therefore, must
play a more significant role in exposure than can be accounted for in
such models. Soil remediation by itself, therefore, may not protect the
public to the extent once thought to be true.

Research needs for quantifying house dust exposure are significant
but could be resolved with 5 to 10 years of dedicated research for
approximately 3 to 6 million dollars (the same amount spent to under-
stand soil ingestion). As more than 50 billion dollars have been spent to
date on soil cleanup in the United States alone, the investment in bet-
ter understanding the contribution of house dust to environmental
exposure seems appropriate.
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