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U.S. regulatory structure divides air pollu-
tants into criteria pollutants and hazardous
air pollutants (HAPs). The criteria pollu-
tants include: carbon monoxide, nitrogen
dioxide, sulfur dioxide, particulate matter
(PM), lead, and ozone. These pollutants
have been recognized for decades or longer
as potential health and environmental
threats. Hence, National Ambient Air
Quality Standards (1), designed to protect
human health and the environment, have
been developed for these six pollutants. 

The U.S. Clean Air Act (CAA) defines a
HAP as 

an air pollutant to which no ambient air quality
standard is applicable and which in the judgment
of the Administrator [of the U.S. Environmental
Protection Agency; EPA] causes, or contributes
to, air pollution which may reasonably be antici-
pated to result in an increase in mortality or an
increase in serious irreversible, or incapacitating
reversible, illness. (2)

Only in recent years have the HAPs come
under regulatory scrutiny. For example, the
1990 CAA Amendments listed 189 HAPs for
which emission sources would be identified
and technology-based emissions standards
would be developed. Subsequent to the
imposition of HAP emission standards, the
U.S. Environmental Protection Agency (U.S.
EPA) must conduct residual risk analyses to
determine whether ambient concentrations

continue to present unacceptable risks. The
remaining hundreds to thousands of air pol-
lutants that are neither criteria pollutants nor
HAPs are virtually unregulated in the United
States, although some are subject to various
reporting or other requirements [e.g., the
Toxics Release Inventory (3), the Toxic
Substances Control Act (4), or Superfund
(5)]. 

A growing number of reports have iden-
tified HAPs and other unregulated air pollu-
tants as presenting a potential public health
problem [e.g., (6–12)]. Based on these con-
cerns, many states have begun monitoring
concentrations of toxic air pollutants, and
the U.S. EPA is planning a national moni-
toring network. In the United States,
Minnesota began air toxics monitoring in
1991 and has expanded efforts in the inter-
vening years. The publication of the U.S.
EPA Cumulative Exposure Project (CEP) air
modeling study (6,7), and the concerns that
it raised, provided the incentive for under-
taking a systematic analysis of existing data
on toxic air pollutants in Minnesota.
Documentation of the complete analysis can
be found in the Minnesota Pollution
Control Agency (MPCA) Staff Paper on Air
Toxics (13). This paper comprises the high-
lights of the staff paper. Both monitoring
and modeling information are included. The
monitoring data are measurements taken at

sites in the MPCA air toxics monitoring net-
work. The modeling information was
obtained from the U.S. EPA CEP (6,7) and
analyzed in detail for Minnesota.

Methods

Modeling. We obtained the Minnesota CEP
modeling results from the U.S. EPA. The
details of the CEP study are presented else-
where (6–8,14). Briefly, 1990 emissions of
148 air toxics were estimated from existing
databases for point, area, and mobile
sources. Point source locations were resolved
specifically; however, mobile and area source
emission inventories were generally available
only to the county level. These emissions
were apportioned to census tracts through
weighting by population, roadway miles,
railway miles, or land use, depending on the
specific emission category. U.S. EPA investi-
gators caution against over-reliance on the
spatial resolution of the CEP results.

U.S. EPA investigators used the
Assessment System for Population Exposure
Nationwide model (15) to predict annual
average concentrations in each census tract.
The model uses a Gaussian plume algorithm
and climatologic data to estimate long-term
average concentrations. When monitoring
data were available on concentrations of spe-
cific pollutants in remote areas not influ-
enced by the modeled sources, these back-
ground concentrations were added to the
modeled values. Emissions sources in
Minnesota were not identified for all of the
148 pollutants; however, concentrations of
all 148 substances were estimated. Some
modeled pollutant concentrations were zero,
some pollutants were transported into the
state, some pollutants were formed secondar-
ily, and some modeled concentrations were
increased by incorporation of background
concentrations. We included only a subset of
the 148 CEP pollutants in this analysis
(Table 1). We included pollutants if they
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We used monitoring and modeling to assess the concentrations of air toxics in the state of
Minnesota. Model-predicted concentrations for 148 hazardous air pollutants were from the U.S.
Environmental Protection Agency Cumulative Exposure Project (1990 data). Monitoring data
consisted of samples of volatile organic compounds, carbonyls, and particulate matter ≤ 10 µm in
aerodynamic diameter collected at 25 sites throughout the state for varying periods of time (up to
8 years; 1991–1998). Ten pollutants exceeded health benchmark values at one or more sites by
modeling, monitoring, or both (including acrolein, arsenic, benzene, 1,3-butadiene, carbon tetra-
chloride, chromium, chloroform, ethylene dibromide, formaldehyde, and nickel). Polycyclic
organic matter also exceeded the benzo[a]pyrene health benchmark value assumed to represent
this class of pollutants. The highest modeled and monitored concentrations of most pollutants
were near the center of the Minneapolis–St. Paul metropolitan area; however, many smaller cities
throughout the state also had elevated concentrations. Where direct comparisons were possible,
monitored values often tended to exceed model estimates. Upper-bound excess lifetime inhalation
cancer risks were estimated to range from 2.7 × 10–5 to 140.9 × 10–5 (modeling) and 4.7 × 10–5

to 11.0 × 10–5 (using a smaller set of monitored carcinogens). Screening noncancer hazard indices
summed over all end points ranged from 0.2 to 58.1 (modeling) and 0.6 to 2.0 (with a smaller set
of monitored pollutants). For common sets of pollutants, the concentrations, cancer risks, and
noncancer hazard indices were comparable between model-based estimates and monitored values.
The inhalation cancer risk was apportioned to mobile sources (54%), area sources (22%), point
sources (12%), and background (12%). This study provides evidence that air toxics are a public
health concern in Minnesota. Key words: air toxics, benzene, formaldehyde, modeling, monitoring,
risk assessment, VOCs. Environ Health Perspect 108:815–825 (2000). [Online 24 July 2000]
http://ehpnet1.niehs.nih.gov/docs/2000/108p815-825pratt/abstract.html
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were monitored by the MPCA or if concen-
tration estimates were non-zero and a health
benchmark value was available.

Several of the modeled pollutants may be
formed secondarily in the atmosphere (e.g.,
via photochemical reactions). U.S. EPA
investigators identified precursors for these

pollutants and selected decay rates from the
literature. They then conducted model runs
for precursor–product pairs in which the pol-
lutant product concentration was increment-
ed according to the decay of the precursor.
This method resulted in a partial accounting
of secondary pollutant formation.

Monitoring. The MPCA operates a
statewide network of toxic air pollution moni-
toring sites (Figure 1 and Table 2) that devel-
oped over several years to address multiple
concerns. Some sites were established to mea-
sure concentrations in the vicinity of specific
point sources. Other sites were established to
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Table 1. Summary statistics, LDLs, and health benchmarks for the measured and modeled VOCs, carbonyls, and selected metals. 

Values < Cancer benchmark Noncancer benchmark
Pollutant No. Median Mean Maximum LDL LDL (n) µg/m3a Sourceb µg/m3 Sourceb

Carbonyls
Acetaldehyde 2,479 0.99 1.14 8.76 0.009 0 5 MDH IHRV 9 U.S. EPA IRIS
Acetone 2,479 1.62 1.84 7.96 0.015 16 – – – –
Acrolein – – – – – – 0.02 U.S. EPA IRIS
Benzaldehyde 2,377 0.16 0.22 2.83 0.009 562 – – – –
Butyraldehyde 2,478 0.28 0.35 3.41 0.011 7 – – – –
Crotonaldehyde 2,478 0 0.06 1.62 0.009 2,142 – – – –
Formaldehyde 2,494 1.37 1.7 20.99 0.048 23 0.8 MDH IHRV 3 Cal OEHHA
Propionaldehyde 2,479 0.17 0.2 1.39 0.012 108 – – – –

VOCs and other nonmetals and noncarbonyls
Acetonitrile – – – – – – – – 60 U.S. EPA IRIS
Acrylamide – – – – – – 0.008 U.S. EPA IRIS 0.7 Cal OEHHA
Acrylic acid – – – – – – – – 1 U.S. EPA IRIS
Acrylonitrile – – – – – – 0.1 MDH IHRV 2 U.S. EPA IRIS
Aniline – – – – – – 6 Cal OEHHA 1 U.S. EPA IRIS
Benzene 3,650 1.32 1.81 26.35 0.25 41 1.3–4.5 MDH IHRV 60 Cal OEHHA
Bromoform – – – – – – 9 U.S. EPA IRIS – –
Bromomethane 2,507 0.06 0.08 2.61 0.045 815 – – 5 MDH IHRV
1,3-Butadiene – – – – – – 0.04 MDH IHRV 8 Cal OEHHA
Carbon disulfide – – – – – – – – 700 MDH IHRV
Carbon tetrachloride 3,650 0.77 0.72 1.48 0.19 113 0.7 U.S. EPA IRIS 40 Cal OEHHA
CFC-11 2,507 1.76 2.29 69.03 0.24 8 – – 700 U.S. EPA HEAST
CFC-113 2,507 0.7 1.91 206.35 0.86 1,969 – – 30,000 U.S. EPA HEAST
CFC-114 2,507 0.09 0.11 0.98 0.09 1,228 – – – –
CFC-12 2,188 2.95 2.95 16.7 0.11 0 – – 200 U.S. EPA HEAST
Chlordane – – – – – – 0.1 U.S. EPA IRIS 0.7 U.S. EPA IRIS
Chlorobenzene 3,650 0.06 0.08 6.22 0.24 3,477 – – 20 U.S. EPA HEAST
Chloroform 3,650 0.1 0.14 6.91 0.11 2,205 0.4 U.S. EPA IRIS 300 Cal OEHHA
Cumene – – – – – – – – 400 MDH IHRV
1,2-Dichlorobenzene 2,507 0.11 0.14 2.1 0.13 1,505 – – 200 U.S. EPA HEAST
1,3-Dichlorobenzene 3,650 0.11 0.22 8.51 0.37 3,144 – – – –
1,4-Dichlorobenzene 2,507 0.22 0.29 4.13 0.19 1,058 – – 800 U.S. EPA IRIS
1,1-Dichloroethane 3,650 0 0.02 1.46 0.08 3,428 6 Cal OEHHA 500 U.S. EPA HEAST
1,2-Dichloroethane 3,650 0.04 0.05 3.15 0.09 3,081 0.4 U.S. EPA IRIS 400 Cal OEHHA
1,2-Dichloroethylene 3,650 0 0.02 2.18 0.1 3,531 – – – –
Dichloromethane 3,650 0.27 0.49 46.24 0.19 1,141 20 MDH IHRV 3,000 U.S. EPA HEAST
1,2-Dichloropropane 2,507 0 0.02 1.38 0.1 2,449 – – 4 U.S. EPA IRIS
cis-1,3-Dichloropropene 2,507 0 0.02 0.99 0.14 2,464 0.3 U.S. EPA HEAST 20 MDH IHRV
trans-1,3-Dichloropropene 2,507 0 0.03 1.48 0.21 2,425 0.3 U.S. EPA HEAST 20 MDH IHRV
Ethyl benzene 3,650 0.46 0.74 21.02 0.22 726 – – 1,000 U.S. EPA IRIS
Ethyl chloride – – – – – – – – 10,000 U.S. EPA IRIS
Ethylene dibromide 3,650 0.02 0.04 14.68 0.32 3,612 0.05 MDH IHRV 0.2 U.S. EPA HEAST
Ethylene glycol – – – – – – – – 20 U.S. EPA HEAST

monobutyl ether
Ethylene oxide – – – – – – 0.1 U.S. EPA HEAST 30 Cal OEHHA
Hexachlorobenzene – – – – – – 0.02 U.S. EPA IRIS 3 Cal OEHHA
Hexachloro-1,3-butadiene 2,507 0.13 0.18 2.9 0.2 1,792 0.5 U.S. EPA IRIS 90 Cal OEHHA
Hexachloroethane – – – – – – 3 U.S. EPA IRIS 80 Cal OEHHA
Hexane – – – – – – – – 2,000 MDH IHRV
Hydrazine – – – – – – 0.002 MDH IHRV 0.2 Cal OEHHA
Hydrogen chloride – – – – – – – – 20 MDH IHRV
Hydrogen cyanide – – – – – – – – 3 MDH IHRV
Methyl chloride – – – – – – 6 U.S. EPA HEAST – –
Methyl diphenyl isocyanate – – – – – – – – 0.6 MDH IHRV
Methyl ethyl ketone – – – – – – – – 1,000 U.S. EPA IRIS
Methyl isobutyl ketone – – – – – – – – 80 U.S. EPA HEAST
Methyl methacrylate – – – – – – – – 700 MDH IHRV
Methyl tertiary butyl ether – – – – – – – – 3,000 U.S. EPA IRIS
Naphthalene – – – – – – – – 3 MDH IHRV
Phthalic anhydride – – – – – – – – 120 U.S. EPA HEAST
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collect baseline data on air toxics concentra-
tions in the Minneapolis–St. Paul metropoli-
tan (metro) area. A third group of sites was
established as part of a legislatively mandated
statewide air toxics monitoring network
(SATMN) (16). The objective of the
SATMN study was to collect 1-year snap-
shots of concentrations at sites throughout the
state. These sites were randomly selected with
weighting for geographic coverage and popu-
lation density. All sites were located at rooftop
level and away from immediate pollution
sources following guidance provided by the
U.S. EPA (17).

Given these multiple purposes, it is clear
that there are biases in the data which should
be recognized in its interpretation. The bias-
es include changes in analytical techniques,
an unequal number of data points per loca-
tion, different time frames for different sites,
different site selection criteria, and a nonuni-
form spatial distribution of sampling loca-
tions. These biases also limit the types of sta-
tistical analyses that can be undertaken, and

they must be borne in mind when interpret-
ing the data. We note such considerations as
necessary. A more complete description of
the site locations and sample collection peri-
ods is given in the staff paper (13).

Three types of samples were collected at
each site: volatile organic compounds
(VOCs), carbonyls, and particulate matter
≤ 10 µm in aerodynamic diameter (PM10).
Table 2 shows the period of collection at each
site. We collected VOC samples following the
U.S. federal reference method TO-14A (18)
in evacuated, summa-polished, stainless steel
canisters, two-valve model (Scientific
Instrumentation Specialists, Moscow, ID,
USA). The canisters were deployed using a
Xon Tech model 910A canister sampler
housed in an enclosure that allowed heating
during the cold season (Xon Tech, Inc., Van
Nuys, CA, USA). We collected samples for
24 hr every sixth day. Sample analysis was
done using a Varian Saturn model 2000 gas
chromatograph/mass spectrometer (Varian,
Inc., Palo Alto, CA, USA). 

We collected carbonyl samples every
sixth day (24-hr samples) following U.S. fed-
eral reference method TO-11A (19).
Originally, beginning in 1991, only
formaldehyde was determined; however,
beginning in 1995 six additional carbonyls
(acetaldehyde, acetone, benzaldehyde,
butyraldehyde, crotonaldehyde, and propi-
onaldehyde) were determined. A 1-month
test in April 1995 found that up to 50% of
collected formaldehyde was lost when ambi-
ent ozone concentrations were elevated.
After this test, beginning in May 1995, a
section of Teflon tubing containing granu-
lated potassium iodide was added to the car-
bonyl sampling trains to remove ozone. The
early carbonyl data (before May 1995) were
not adjusted to account for losses due to
degradation by ozone because ozone mea-
surements were not available at the monitor-
ing sites. As a result the carbonyl data cannot
be considered comparable before and after
this change in monitoring technique. With
the exception of the formaldehyde trend
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Table 1. Continued. 

Values < Cancer benchmark Noncancer benchmark
Pollutant No. Median Mean Maximum LDL LDL (n) µg/m3a Sourceb µg/m3 Sourceb

2,3,7,8-TCDD – – – – – – 3.00 × 10–7 U.S. EPA HEAST – –
POM [B(a)P surrogate] – – – – – – 0.01 Cal OEHHA – –
Propylene oxide – – – – – – 3 MDH IHRV 30 U.S. EPA IRIS
Styrene 2,507 0.08 0.1 1.49 0.06 1,004 – – 200 MDH IHRV
1,1,2,2-Tetrachloroethane 2,507 0.03 0.06 6.87 0.07 1,898 0.2 U.S. EPA IRIS – –
Tetrachloroethylene 3,650 0.24 0.44 25.08 0.21 1,520 17.2 Provisional U.S. EPAc – –
Toluene 3,650 2.61 3.79 74.74 0.43 63 – – 400 MDH IHRV
Toluene diisocyanate – – – – – – 0.9 Cal OEHHA 0.08 MDH IHRV
1,1,1-Trichloroethane 3,648 0.67 1.51 160.9 0.35 221 – – – –
1,1,2-Trichloroethane 2,507 0 0.02 0.77 0.29 2,482 0.6 U.S. EPA IRIS – –
Trichloroethylene 2,507 0.21 0.43 25.31 0.04 223 – – – –
1,2,4-Trimethylbenzene 2,507 0.06 0.08 1.34 0.1 1,903 – – – –
1,3,5-Trimethylbenzene 2,507 0 0.02 1.07 0.13 2,460 – – – –
Vinyl acetate – – – – – – – – 200 MDH IHRV
Vinyl chloride 3,650 0 0.01 1.77 0.21 3,591 0.1 U.S. EPA HEAST – –
Vinylidine chloride 3,650 0.04 0.07 3.08 0.14 3,261 – – – –
Xylenes – – – – – – – – 700 Cal OEHHA
m,p-Xylene 2,890 1.36 2.11 58.73 0.18 60 – – – –
m-Xylene 746 1.87 2.94 47.31 0.48 82 – – – –
o-Xylene 3,650 0.5 0.79 16.97 0.14 326 – – – –

PM10/metals
PM10 1,113 13.8 15.44 67.6 – 0 – – – –
Antimony [trioxide]d 597 0.007 0.010 0.078 0.015 414 – – 0.2 MDH IHRV
Arsenic 717 0.001 0.002 0.015 0.005 687 0.002 MDH IHRV 0.03 Cal OEHHA
Beryllium – – – – – – 0.004 MDH IHRV 0.02 U.S. EPA IRIS
Cadmium 561 0.002 0.002 0.025 0.016 558 0.006 MDH IHRV 0.02 Cal OEHHA
Chromium [VI] 855 0.001 0.001 0.007 0.002 216 0.0008 MDH IHRV – –
Cobalt 411 0 0.0007 0.007 3 × 10–5 179 – – – –
Copper 1,112 0.012 0.022 0.899 0.0001 15 – – – –
Lead 1,081 0.004 0.005 0.058 0.0001 150 0.8 Cal OEHHA – –
Manganese 1,112 0.005 0.007 0.071 5 × 10–5 63 – – 0.2 MDH IHRV
Mercury [elemental] 86 0 0 0 0.057 86 – – 0.3 U.S. EPA IRIS
Nickel [subsulfide 1,102 0 0.001 0.02 0.0022 1,045 0.02 MDH IHRV 0.05 Cal OEHHA

or compounds]
Selenium 717 0 0.001 0.004 0.0005 386 – – – –
Zinc 1,112 0.012 0.016 0.187 0.0006 29 – – – –

The summary statistics include data from all sites and all times combined. All concentrations are in micrograms per cubic meter. Pollutants with missing monitoring data (dashes) are
included because the health benchmarks were used in the analysis of the modeling data. Abbreviations: Cal OEHHA, California Office of Environmental Health Hazard Assessment;
HEAST, Health Effects Assessment Summary Tables; IHRV, inhalation health risk value; IRIS, Integrated Risk Information System; MDH, Minnesota Department of Health. 
aThe cancer health benchmarks are based on the MDH tolerable risk level of 1 × 10–5. bThe data sources are defined in more detail in the text. cThe tetrachloroethylene benchmark is
provisional only and has not been through the U.S. EPA formal review process. dThe metal measurements were of total elemental concentration. Where noted in brackets the toxicity
values apply to the indicated form of the metal. 



analysis, the carbonyl data reported here
include only samples collected with ozone
scrubbing (after May 1995).

Beginning in 1996, we also collected 24-
hr PM10 samples every sixth day at each site
in accordance with the U.S. federal reference
method for PM10 (20). After gravimetric
analysis, a 47-mm disk was cut from each fil-
ter at a random location. The disks were ana-
lyzed for metals using energy dispersive X-ray
fluorescence (XRF) (Spectrace Quan-X
model 8000; Spectrace Instruments, Fort
Collins, CO, USA). The measurement
methodology is capable of determining 33
elements. We report data on the 11 metals
included in the CEP analysis plus copper and
zinc. We do not report data on the remaining
metals because of detection limit issues. 

Method detection limits are not reported
because some of the analytes are not detected
in a large fraction of the samples, making it
difficult to calculate the method detection
limit. Instrument detection limits are avail-
able but are not reported here. We report
lower detection limits (LDLs) (Table 1) that
were determined using various methods. For
VOCs and carbonyls a standard was pre-
pared to 5 times the estimated LDL. We

made seven replicate measurements of the
standard, and the LDL was taken as the
standard deviation of the replicate analyses
divided by the square root of n, and this
quantity was multiplied by the Student’s t-
value appropriate for a 99% confidence level
with n – 1 degrees of freedom.

For metals analysis using XRF, we deter-
mined the LDL using guidance provided by
Spectrace Instruments, according to which
an element’s peak is detected above back-
ground with 99% confidence if the peak
counts are greater than 3 times the square
root of the background counts. Thus the
LDL can be calculated from analysis of a
standard filter using the following equation:

LDL = [3 × (Ib)1/2]/Ip × 1/(T1/2) 
× concentration, 

where Ib = background [counts per second
(cps)], Ip = peak (cps), and T = lifetime
under specified excitation condition.

In the case of several metals, a large frac-
tion of the measurements were below the
LDL. Table 1 shows the number of values
below the LDL for each monitored sub-
stance. In addition, because the reading from

a blank was subtracted from each measure-
ment, there are some negative values in the
data, particularly the metals data. These neg-
ative values and values below the LDL could
be censored in some way, such as converting
them to zero (or one-half the LDL). The best
method for treating such data is a matter of
debate in the scientific literature. We chose
to retain all of the raw values in the data for
the statistical analyses reported here, includ-
ing values below detection, zeroes, and nega-
tive values. Statistical analyses were done
using SPSS (SPSS, Inc., Chicago, IL, USA).

The number of negative values was low
in the VOC and carbonyl data (butyralde-
hyde, 4 negative values; acetone, 13; and
CFC-113, 1); thus any censoring of the neg-
ative values would have a negligible effect.
On the other hand, there were many nega-
tive values in the metals data (As, 68; Cd,
201; Cr, 160; Cu, 12; Mn, 59; Ni, 304; Pb,
132; Se, 146; Zn, 21). Negative values were
always close to zero. Given the large number
of negative values, censoring the negative
data would affect the reported values for
many of the metals. For example, replacing
all negative values with zero would raise the
mean value slightly.
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Figure 1. Monitoring site locations in Minnesota. Abbreviations: acad, academy; Mpls, Minneapolis.



Health benchmarks. The concentrations
calculated from monitoring and modeling
data were subsequently compared to cancer
and chronic noncancer health benchmarks
(Table 1). The noncancer benchmarks were
defined as concentrations of a pollutant in
the ambient air below which there is likely to
be no public health concern over a lifetime
of exposure. The cancer benchmarks were
defined as the pollutant concentrations pos-
ing a 1 × 10–5 upper-bound excess lifetime
inhalation cancer risk for an adult. 

The health benchmarks used in this
study were derived from several sources. The
primary source of benchmarks was the
Minnesota Department of Health (MDH)
draft inhalation health risk values (IHRVs)
(21). The draft IHRVs consist of both non-
cancer and cancer benchmarks. The second
source of benchmarks was the U.S. EPA ref-
erence concentrations and inhalation unit
risks from the Integrated Risk Information
System (IRIS) (22) and the Health Effects
Assessment Summary Tables (23). If values
from these sources were not available, we
used inhalation unit risks and proposed
inhalation reference exposure levels from the
California Office of Environmental Health
Hazard Assessment (24). Pollutants that did
not have a health benchmark from one of
these sources were not evaluated for poten-
tial public health concerns. The health
benchmark values presented here are the val-
ues from the various data sources as of
December 1999. Although the absolute

magnitude of the risks represented by the
benchmark values are uncertain, these values
nevertheless provide some guidance against
which to evaluate the modeled and measured
air concentrations.

The draft MDH IHRV for hexavalent
chromium was used as the health benchmark
value for chromium despite the fact that both
the modeled emissions estimates and the mea-
sured concentrations were for total chromi-
um. The Cr-VI IHRV is based on the IRIS
unit risk value, which is based on a study of
lung cancer rates in chromate workers (25).
The lung cancer deaths were “related to insol-
uble (trivalent), soluble (hexavalent), and total
chromium exposure” (25), but the identifica-
tion of the specific form of chromium respon-
sible for the lung cancer was uncertain. Given
the evidence of other studies, the unit risk was
developed under the assumption that cancer
mortality was due to Cr-VI, and it was further
assumed that Cr-VI was not less than one-sev-
enth the concentration of total Cr (25). It is
unknown how the ratio of Cr species in
ambient air compares to that of the workers’
exposure in the epidemiologic study, although
it is possible that there is a higher ratio of the
less toxic trivalent form in the atmosphere
because hexavalent chromium may react
atmospherically to form trivalent chromium
(26). Because of the limited knowledge on the
ambient air speciation of chromium, it is
unknown to what extent the use of the hexa-
valent chromium health benchmark value
may overstate the human health risk due to
inhalation of total chromium.

Results and Discussion

Modeling. Based on modeling, the concen-
trations of eight pollutants (acrolein; arsenic;
benzene; 1,3-butadiene; carbon tetrachlo-
ride; chromium; formaldehyde; and nickel)
exceeded health benchmark values in one or
more census tracts in Minnesota (Table 3).
POM is a class of pollutants that could also
be considered to exceed a surrogate health

benchmark. Because there is no health
benchmark for this class of pollutants, an
assumption was made that the health bench-
mark value for benzo[a]pyrene [B(a)P], an
important constituent of POM, could pro-
vide a surrogate value for estimating the toxi-
city of POM. B[a]P appears to be one of the
more toxic components of POM, but it is
unknown at present whether this assump-
tion would result in a systematic under- or
overestimation of toxicity. 

The CEP study estimated POM emis-
sions using speciation profiles that were com-
piled from several studies using a variety of
methods, and no precise definition of chemi-
cal species and relative concentrations is avail-
able. Although a complete breakdown of the
individual compounds that make up the
POM modeled in the CEP study is not possi-
ble, PAHs and related compounds are expect-
ed to be strongly represented. The CEP 
emissions breakdown by source category was
point sources, 11%; area sources, 26%; and
mobile sources, 63%. POM is not expected
to exist as separate individual species, but
instead is typically found in association with
particles of heterogeneous composition.

The California Air Resources Board
investigated B[a]P as a toxic air contaminant
(27) and compared potency equivalency fac-
tors (PEFs) of 24 polycyclic aromatic hydro-
carbons (PAHs) with the PEF for B[a]P. Of
the 24 PAHs, all of which can be compo-
nents of POM, 13 PEFs were lower than
B[a]P, seven were higher than B[a]P, and
four were equal to B[a]P. 

The California Air Resources Board also
established a human cancer potency unit risk
value for diesel exhaust [3 × 10-4 (µg/m3)-1]
that is similar to its value for B[a]P [1.1 ×
10-3 (µg/m3)-1] (28). Although POM and
diesel particulate matter are not identical,
the two categories have several similarities.
Diesel particulate matter consists of a solid
core composed mainly of carbon, a soluble
organic fraction, sulfates, and trace elements
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Table 2. Monitoring sites with start and end dates
and site characterization. 

Site name Start End Site type

Plymouth 06-Sep-96 25-Sep-97 SATMN-U
Koch420 06-Jan-91 Active Indust
Koch423 06-Jan-91 Active Indust
Koch426 06-Jan-91 29-Dec-96 Indust
StPaulPark 01-Jan-93 Active Indust
Ashland 14-Jun-95 Active Indust
HolmanFld 06-Jan-91 Active Urban
BushSt 26-Sep-98 Active Urban
HardingHi 02-Oct-98 27-Sep-99 SATMN-U
MplsLibrary 18-Sep-96 27-Sep-99 Urban
MhahaAcad 01-Oct-97 26-Sep-98 SATMN-U
I_Falls1240 04-Aug-94 25-Nov-98 Indust
I_Falls1241 24-Sep-96 25-Sep-97 SATMN-S
Sandstone 18-Sep-96 25-Sep-97 SATMN-R
FergusFalls 01-Oct-97 26-Sep-98 SATMN-S
Alexandria 18-Sep-96 25-Sep-97 SATMN-S
Warroad 01-Oct-97 26-Sep-98 SATMN-S
LittleFalls 18-Sep-96 19-Sep-97 SATMN-S
ElkRiver 01-Oct-97 26-Sep-98 SATMN-S
Pipestone 18-Sep-96 25-Sep-97 SATMN-S
GraniteFalls 01-Oct-97 26-Sep-98 SATMN-S
Rochester 01-Oct-97 26-Sep-98 SATMN-U
Zumbrota 18-Sep-96 25-Sep-97 SATMN-R
Hibbing 01-Oct-97 26-Sep-98 SATMN-S
Duluth7549 02-Jan-94 27-Sep-99 Urban

Abbreviations: indust, site located near an industrial
facility; -R, rural site; -S, small town site; SATMN,
Statewide Air Toxics Monitoring Network; -U, urban site;
Urban, site located to characterize the urban area. 

Table 3. Pollutants of greatest concern identified in either the modeling or monitoring as exceeding a
health benchmark value in one or more locations. 

Modeling number of census Number of monitoring sites with
tracts exceeding health median exceeding health

Pollutant benchmark (%) benchmark (%)

Acrolein 855 (70) Not monitored
Arsenic 56 (5) ?a

Benzene 575 (47) 9 (36)
1,3-Butadiene 742 (60) Not monitored
Carbon tetrachloride 1,230 (100) 22 (88)
Chloroform 0 (0) 1 (4)
Chromium 9 (1) ?a

Ethylene dibromide 0 (0) 1 (4)
Formaldehyde 701 (57) 23 (92)
Nickel 5 (0)b ?a

POM 1,230 (100) Not monitored
aThe status of the monitored metals is uncertain due to the large fraction of values below the LDL. bThe modeled
exceedance of the nickel health benchmark is questionable (see text).



(29). Typically, approximately 25% of diesel
particles consist of extractable organics
(although the range may be 5–90%), con-
sisting of 14–35 carbon open-chain hydro-
carbons, alkyl-substituted benzenes, and
PAH derivatives (29). The toxicity of diesel
particles is determined by the particle size
and composition. The PAH derivatives
within the soluble organic fraction of diesel
particles are expected to be similar to POM.

The U.S. EPA estimated the 95% upper
confidence limits of the lifetime risk of can-
cer from inhalation of 1 µg/m3 diesel partic-
ulate matter. The values from various studies
ranged from 1.6 × 10–2 to 3.5 × 10–6

(30–32). On this same scale the B[a]P
potency would be 9 × 10–4, which is in the
middle of the range of values for diesel par-
ticulate matter. A final assessment of the tox-
icity of POM awaits further work; however,
based on the weight of this partial evidence,
we suggest that the use of B[a]P toxicity as a
surrogate for POM more likely approximates
the total inhalation risk from the modeled
pollutants than not including POM at all.

Table 4 lists the total emissions from the
CEP inventory, along with the percentages
that were apportioned to point, area, and
mobile sources. The CEP study did not
include a category for nonanthropogenic
emissions, but background concentrations
were estimated. Table 4 shows the percentage
of the statewide mean concentrations that
were made up of background concentrations.
Four of the pollutants of greatest concern
(i.e., those exceeding a health benchmark at
some location: benzene; 1,3-butadiene;
formaldehyde; and POM) were emitted pre-
dominantly from mobile sources. The three
metals of concern in the modeling analysis
(As, Cr, and Ni) were emitted predominantly
by point sources. The pattern of geographic
distribution of modeled concentrations of As,
Cr, and Ni appeared to follow a pattern of
higher concentrations near known point
sources.

Although Table 4 shows that acrolein
emissions were attributed mainly to area
sources, acrolein is an important degradation
product of other pollutants like benzene and
1,3-butadiene (33,34) that are emitted pri-
marily from mobile sources. A full account-
ing of secondary pollutant formation would
likely show that mobile source emissions of
acrolein are of greater importance than
shown in the Table 4. Similarly, although
Table 4 shows that carbon tetrachloride is
emitted predominantly from area sources, in
fact it is emitted only in very small amounts,
and the predominant source of the model
estimated concentrations was background
concentrations. Carbon tetrachloride concen-
trations were elevated throughout the state,
with little geographic variation. Although

there is some present-day usage from preex-
isting stocks of carbon tetrachloride and there
may still be some limited production, it is a
long-lived gas that has been mostly phased
out of production under the Montreal
Protocol on ozone-depleting substances, and
the values presented here are believed to rep-

resent a global background due mainly to
historical emissions (35). 

Figure 2 is a map of Minnesota showing
the modeled concentrations of 1,3-butadiene.
Concentrations were highest in the center of
the metro area and decreased with distance
from there. In addition, concentrations
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Table 4. Source contributions to modeled concentrations for pollutants of greatest concern. 

Background
Total Point source Area source Mobile source concentration as

emissions contribution contribution contribution percent of modeled
Pollutant (tons/day) (%) (%) (%) mean concentration (%)

Acroleina 2.13 – 64 36 0
Arsenic 0.09 94 4 2 0
Benzene 25.76 5 28 67 32
1,3-Butadiene 3.89 2 32 66 0
Carbon tetrachloride 0.04 42 58 – 100
Chloroform 0.34 83 17 – 94
Chromium 0.07 83 12 5 0
Ethylene dibromide 0.00 – – – 100
Formaldehydea 15.40 9 33 58 26
Nickel 0.18 77 19 4 0
POM 3.79 3 30 67 0

Data taken from the CEP study results for Minnesota. 
aSecondary formation of these pollutants may contribute significantly, thereby altering the indicated source contributions.

Figure 2. Modeled 1,3-butadiene concentrations in Minnesota. The lightest shaded areas are below the
1,3-butadiene health benchmark value of 0.04 µg/m3.

1,3-Butadiene concentration (µg/m3)
0–0.04
0.04–0.1
0.1–0.3
0.3–0.5
0.5–1.1

N



exceeded the health benchmark value at
numerous smaller cities. This pattern of geo-
graphic distribution was also found for mod-
eled concentrations of acrolein, benzene,
formaldehyde, and POM and appears to be
characteristic of pollutants emitted mainly
from mobile sources.

We estimated the total upper-bound
excess lifetime inhalation cancer risk from
the combination of all of the modeled pollu-
tants by summing the cancer risk from indi-
vidual carcinogens. The calculation was
done separately for each census tract. Figure
3 is a map showing the results for the metro

area. Upper-bound excess lifetime cancer
risks based on modeled concentrations
ranged from 2.7 × 10–5 to 140.9 × 10–5.
These modeled risks can be apportioned to
source categories as shown in Figure 4. This
apportionment includes the assumption that
the risk from POM can be approximated
using the surrogate of B[a]P. It should also
be noted that the risk apportionment in
Figure 4 represents that for an apocryphal
individual who is exposed to pollutant con-
centrations averaged across all of the census
tracts in the state. A specific person’s risk will
differ. For example, a person living at the

fenceline of a point source or next to a gas
station may have a higher risk from point or
area sources, respectively. 

Figure 5 shows the apportionment
among individual pollutants of the upper-
bound excess lifetime cancer risk of an aver-
age Minnesotan. This apportionment also
includes the assumption that the risk from
POM can be approximated using the surro-
gate of B[a]P. POM accounted for 60% of
the risk, clearly overshadowing all other pol-
lutants. Benzene; 1,3-butadiene; carbon
tetrachloride; chromium; and formaldehyde
each accounted for 5% or more of the risk.

Noncancer hazard quotients for individ-
ual pollutants can also be summed to provide
a noncancer hazard index; however, in doing
so attention must be paid to the health end
points of concern. Adding noncancer hazard
indices for two pollutants with different
health end points will not give an accurate
picture of the noncancer hazard index. We
estimated a screening level total noncancer
hazard index by summing all of the non-
cancer hazard quotients (over all end points).
The calculation was done separately for each
census tract. The resulting values ranged from
0.6 in remote northern Minnesota to 58.1 in
the metro area. The high screening hazard
indices in the metro area suggest that further
work should be done to refine the hazard
indices by end point and to compare the
model-estimated values with monitored val-
ues. The apportionment of the screening non-
cancer hazard index for an average
Minnesotan showed that acrolein accounted
for 89% of the hazard index, followed by
formaldehyde at 6%. Each of the other pollu-
tants accounted for < 1% of the hazard index.

Monitoring. Table 1 lists summary sta-
tistics for the monitored VOCs, carbonyls,
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Figure 3. Estimated upper-bound excess lifetime cancer risk from inhalation of 30 modeled pollutants. This
figure includes the assumptions that all chromium is hexavalent chromium and that POM can be repre-
sented with the health benchmark value for B[a]P.

Estimated upper-
bound excess
lifetime inhalation
cancer risk per
100,000 persons

2–10

10–25

25–50

50–75

75–141

Figure 4. Cancer risks apportioned to source categories. This figure includes
the assumption that POM can be represented with the health benchmark value
for B[a]P. 
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waste incinerators,
refineries)

Background 12%
(long range transport,
unidentified sources,
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Figure 5. Apportionment to individual pollutants of the upper-bound excess can-
cer risk to an average individual in Minnesota. This figure includes the assump-
tions that POM can be represented with the health benchmark value for B[a]P.
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and selected metals. The statewide median
concentration exceeded the health bench-
mark value for benzene, carbon tetrachlo-
ride, formaldehyde, and chromium. At spe-
cific individual monitoring sites, the median
concentrations exceeded the health bench-
mark value for the additional pollutants
chloroform, ethylene dibromide, and
arsenic. It should be noted that the arsenic
data as well as other metals data are ques-
tionable because of the large number of val-
ues below the LDL and the fact that the
health benchmark values were often lower
than the LDL. We can say with confidence
that the monitoring data for at least five pol-
lutants, and possibly as many as eight,
exceeded health benchmarks at one or more
monitoring sites. Taken together with the
modeling results, 11 pollutants exceeded the
health benchmark at one or more locations
(Table 3). Despite the detection limit issues,
we believe it is important to report these
data, particularly the frequency with which
we measured detectable values in relation to
the LDL and the health benchmark values,
as these data have implications for the plan-
ning of future monitoring efforts.

Figure 6 shows a box plot of concentra-
tions of formaldehyde at each monitoring
site. The 11 sites on the left side of the figure
were located in the metro area, where gener-
ally higher concentrations were found. The
median formaldehyde concentration exceed-
ed the health benchmark value at all sites
except one site in International Falls, where
the median concentration was slightly below
the health benchmark. The mean formalde-
hyde concentration exceeded the health
benchmark value at all sites. This finding dif-
fers from the modeling results for formalde-
hyde, in which most of the sites outside the
metro area were below the health benchmark
value. 

The cancer risks and noncancer hazard
indices presented here apply to modeled and
monitored concentrations in outdoor ambi-
ent air. Concentrations in indoor air and per-
sonal exposures are different from outdoor air
concentrations. For many of the pollutants
considered in this study the indoor air and
personal air concentrations are often higher
than outdoor air concentrations (11,12).

Comparison of modeling and monitor-
ing. There was a tendency for the modeling
results to underestimate when compared to
measured values (Table 5). For 19 of 31 sub-
stances where model-monitor comparisons
were possible, the mean percent difference
(averaged over all monitoring sites) was
within a factor of 2. For 8 substances the
modeled values were higher, for 4 substances
the model and monitor results were statisti-
cally equivalent, and for 19 substances the
monitored values were higher. 

Articles • Pratt et al.

822 VOLUME 108 | NUMBER 9 | September 2000 • Environmental Health Perspectives

Figure 6. Box plot showing formaldehyde concentrations at each site. The plot includes only data collect-
ed since May 1995, when ozone scrubbing was instituted. The center line within each box represents the
median for the site. The box itself encompasses the 25th percentile to the 75th percentile. The bars at
each end of the box represent the highest and lowest values that are not considered outliers. The hori-
zontal dashed line is at the formaldehyde health benchmark (0.8 µg/m3).
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Table 5. Comparison of modeled and monitored values. 

Monitored Modeled Percent
Substance value (µg/m3)a value (µg/m3)a differencea,b Comparison

Vinylidene chloride 0.0855 0.0000 –100.0 Monitored values 
1,3-Dichloropropene 0.0217 0.0001 –99.4 are higher
Hexachloro-1,3-butadiene 0.1989 0.0018 –99.0
Cadmium 0.0022 0.0002 –91.8
1,4-Dichlorobenzene 0.3206 0.0568 –86.3
1,1,2-Trichloroethane 0.0274 0.0025 –82.3
Cobalt 0.0007 0.0001 –77.7
Ethylene dibromide 0.0389 0.0077 –75.4
Arsenic 0.0014 0.0005 –64.7
Acetaldehyde 1.0604 0.4929 –60.8
Propionaldehyde 0.1831 0.1122 –49.1
Ethylbenzene 0.6094 0.3619 –44.5
Manganese 0.0065 0.0035 –40.0
Formaldehyde 1.6489 1.0661 –35.7
Styrene 0.1085 0.0881 –32.5
Vinyl chloride 0.0061 0.0026 –20.9
Selenium 0.0006 0.0005 –18.5
Chlorobenzene 0.0199 0.0146 –17.6
Chloroform 0.1526 0.1070 –14.7
Lead 0.0043 0.0053 –8.3 Modeled and 
Toluene 3.1906 3.2985 –8.0 monitored values
Chromium 0.0010 0.0017 –3.7 statistically
Dichloromethane 0.4133 0.3983 –2.7 equivalent
Benzene 1.5349 1.6860 12.9
Carbon tetrachloride 0.7890 0.8882 14.3
Trichloroethylene 0.4732 0.4752 21.1
Tetrachloroethylene 0.3835 0.5063 21.8
Xylene 2.4873 2.9455 26.4
1,3-Dichloropropene 0.0199 0.0221 27.4
Dichloroethane 0.0389 0.0627 102.0 Modeled values 
Nickel 0.0005 0.0040 643.0 are higher
aThe monitored values are calculated as the mean of the site means with each site mean covering the period of record
for that site. The modeled values are calculated as the mean of the values for each census tract containing a monitoring
site. For census tracts with more than one monitoring site, the tract is weighted by the number of monitoring sites. The
percent difference is calculated as the mean percent difference averaged over all of the individual site/census tract
comparisons. b[(Model-monitor)/monitor] × 100.



Table 6 gives a comparison of the mod-
eled and monitored values for cancer risks
and noncancer hazard indices at each moni-
toring site. Estimated upper bound cancer
risk based on 16 monitored pollutants ranged
from 4.7 × 10–5 to 11.0 × 10–5; based on 30
modeled pollutants the risk ranged from 3.9
× 10–5 to 61.3 × 10–5. The highest modeled
cancer risk was 140.9 × 10–5 and occurred in
a census tract with no monitoring site. For
11 pollutants in common between the moni-
toring and modeling, the estimated upper-
bound cancer risk ranged from 4.0 × 10–5 to
10.3 × 10–5 (monitoring) and 2.3 × 10–5 to
8.0 × 10–5 (modeling). The correlation coef-
ficient between monitored and modeled risk
with a common set of 11 pollutants (i.e.,
between columns four and five in Table 6)
was 0.54, with the modeled risks higher at
seven (all urban) of the 25 sites. 

The noncancer hazard index at specific
monitoring sites ranged from 0.6 to 2.0
based on 24 monitored substances, whereas
the hazard index ranged from 0.6 to 26.9
based on 49 modeled substances. The high-
est modeled noncancer hazard index was

58.1 and occurred in a census tract with no
monitoring site. For 15 pollutants in com-
mon between the monitoring and model-
ing, the hazard index ranged from 0.6 to 1.9
(monitoring) and 0.2 to 1.2 (modeling).
The correlation coefficient between moni-
tored and modeled risk with a common set
of 15 pollutants (i.e., between columns
eight and nine in Table 6) was 0.36, with
the modeled hazard index higher at only
one of the 25 sites. 

Taken as a whole these results suggest
that the monitor and model results are in
good agreement in comparisons of specific
pollutant concentrations, as well as in com-
parisons of risks calculated from concentra-
tions of common sets of pollutants. There
was a tendency for the model to underpredict
concentrations; however, the modeling relied
on 1990 emissions estimates whereas the
monitoring was done in years 1991 to 1998.
When common sets of pollutants were com-
pared, there was also a tendency for the
model to underpredict estimated cancer risk
and noncancer hazard indices, especially at
nonurban sites. 

The U.S. EPA estimated that emissions
of total VOCs decreased by approximately
3% from 1990 to 1995 (36). Because many
of the pollutants considered here are compo-
nents of the U.S. EPA estimates of total
VOCs, it could be argued that pollutant
concentrations might have declined, and
that concentrations measured after 1990
should be lower than model estimates made
in 1990. Our finding that such a decrease
did not occur for most of the pollutants con-
sidered here speaks to the need for further
improvement in emissions estimation.

The modeling analysis included several
pollutants that were not monitored. When
these pollutants were included in the risk
calculation, the modeled risks exceeded the
monitored risks, sometimes by a large mar-
gin. The nonmonitored pollutants that con-
tributed the most to the modeled cancer risk
were POM, 1,3-butadiene, Cr, As, and Ni
(in order of importance; POM was by far
the largest contributor). Acrolein, As, Ni,
glycol ethers, hydrochloric acid, naphtha-
lene, and cyanide compounds contributed
the most to the noncancer hazard index (in
order of importance; acrolein was by far the
most important). These findings should help
to prioritize future monitoring and other
regulatory efforts.

There was an indication in the monitor-
ing data that two metals, Cr and As, may
exceed health benchmark values at some
locations. However, the LDL was higher
than the health benchmark value for these
two substances, and a large fraction of the
measurements of both were below their
LDLs. Therefore, any conclusions about
exceeding health benchmark values for these
metals based on monitoring data are ques-
tionable. The Ni measurements were also
below the LDL a large fraction of the time;
however, unlike As and Cr there was no
indication that monitored Ni concentrations
might exceed the health benchmark value (in
contrast to the modeling results). As Table 5
shows, the model severely overestimated Ni
concentrations. We believe this overestima-
tion is due to an incorrect speciation profile
for Ni emissions from the taconite industry.

Trends. At some of the sites located in
the metro area, monitoring data collection
began in 1991, making it possible to look for
trends toward increasing or decreasing con-
centrations during the period 1991–1998.
Monitoring data sufficient to investigate the
presence of a trend was available for eight of
the pollutants of concern (arsenic, benzene,
carbon tetrachloride, chloroform, chromium,
ethylene dibromide, formaldehyde, and nick-
el). We analyzed linear regressions over time
for each of these pollutants at each monitor-
ing site. Of the pollutants of highest concern,
a consistent trend across several monitoring
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Table 6. Range of values for the upper-bound inhalation cancer risk and the noncancer hazard index
based on modeling and monitoring.

Cancer risk (× 10–5) Screening noncancer hazard index
16 subs 30 subs 11 common subsa 24 subs 49 subs 15 common subsb

Site monitored modeled Monitored Modeled monitored modeled Monitored Modeled

Plymouth 6.89 30.68 5.12 5.02 0.89 12.79 0.83 0.70
Koch420 6.12 19.40 4.77 4.31 0.79 4.68 0.76 0.55
Koch423 6.10 19.40 4.06 4.31 0.94 4.68 0.91 0.55
Koch426 7.09 19.40 5.27 4.31 0.89 4.68 0.86 0.55
StPaulPark 7.03 31.42 6.15 6.60 0.89 7.21 0.85 0.80
Ashland 8.31 29.11 7.23 5.29 1.14 6.58 1.10 0.60
HolmanFld 6.46 54.56 5.50 6.23 0.90 12.94 0.86 0.82
BushSt 10.99 44.52 10.28 5.91 1.95 13.48 1.90 0.78
HardingHi 6.10 61.29 5.73 8.01 0.72 26.90 0.72 1.22
MplsLibrary 7.99 60.72 7.04 7.42 1.18 15.72 1.14 0.99
MhahaAcad 7.36 55.16 6.48 7.68 1.22 24.76 1.18 1.17
I_Falls1240 7.20 16.90 6.27 3.67 0.73 2.25 0.70 0.28
I_Falls1241 6.98 16.90 5.37 3.67 0.86 2.25 0.79 0.28
Sandstone 7.17 3.87 4.75 2.28 0.92 0.49 0.86 0.17
FergusFalls 6.05 25.16 5.28 3.24 0.97 2.61 0.93 0.29
Alexandria 7.35 30.80 5.43 3.35 0.97 2.03 0.91 0.28
Warroad 4.72 3.59 4.02 2.27 0.64 0.45 0.61 0.17
LittleFalls 6.92 12.58 4.77 2.93 0.90 2.09 0.84 0.27
ElkRiver 5.38 10.67 4.59 2.94 0.80 2.90 0.77 0.29
Pipestone 7.21 8.62 4.94 2.81 0.97 1.57 0.91 0.24
GraniteFalls 6.07 4.16 5.29 2.32 0.98 0.65 0.94 0.18
Rochester 5.32 45.81 4.65 4.72 0.75 5.87 0.71 0.52
Zumbrota 6.15 6.76 4.44 2.46 0.82 1.10 0.77 0.21
Hibbing 5.54 32.64 4.77 4.48 0.82 5.12 0.79 0.45
Duluth7549 6.16 24.49 5.11 4.31 0.79 8.01 0.75 0.50
Modeled value

Minimum – 2.73 – 2.18 – 0.22 – 0.16
Maximum – 140.90c – 12.60 – 58.10d – 2.46

Subs, substances.
aThe 11 carcinogenic substances in common between the modeling and monitoring include acetaldehyde; benzene; car-
bon tetrachloride; chloroform; dichloromethane; formaldehyde; hexachloro-1,3-butadiene; trans-1,3-dichloropropene;
1,1,2-trichloroethane; tetrachloroethylene; and vinyl chloride. Metals were not included in the comparison because of
the detection limit issue (see text). bThe 15 noncarcinogenic substances in common between modeling and monitoring
include acetaldehyde; benzene; cis-1,3-dichloropropene; carbon tetrachloride; chlorobenzene; chloroform;
dichloromethane; ethyl benzene; ethylene dibromide; formaldehyde; hexachloro-1,3-butadiene; xylene; p-dichloroben-
zene; styrene; and toluene. Metals were not included in the comparison because of the detection limit issue (see text).
cThe nonmonitored substances that contribute the most to the modeled cancer risk are POM and 1,3-butadiene. dThe
nonmonitored substance that contributes the greatest to the modeled noncancer hazard index is acrolein. 



sites was identified for only one, benzene,
where concentrations decreased slightly but
significantly. Further work is needed to eval-
uate possible trends for other pollutants.

Benzene concentrations have been mea-
sured since 1991 at the Minneapolis Public
Library, Holman Field in St. Paul, and near
Koch Refinery in Pine Bend. At each of
these long-term monitoring sites, plots of the
data over time showed that the measured
concentrations appeared to have decreased
slightly since the measurements were begun.
A seasonal decomposition analysis was
unable to show a significant seasonality in
the benzene concentration; however, the val-
ues were generally slightly higher in winter
than in summer (e.g., 1.82 µg/m3 in
November through March vs. 1.57 µg/m3

for April through October at Koch site 420).
We performed linear regression analyses

with the benzene data from each of the long-
term monitoring sites. These analyses
showed that the decrease in benzene concen-
trations over time were statistically signifi-
cant (p = 0.05), although small. The linear
regression coefficients (R2 values) ranged
from 0.02 to 0.03. The regression equations
show that the benzene concentrations
decreased by 0.02 µg/m3 per year (Koch423)
to 0.07 µg/m3 per year (Holman Field) to
0.11 µg/m3 per year (Minneapolis Library
and Koch420). Possible reasons for the slight
decrease in benzene concentrations are
uncertain. Over the period 1991–1998 the
metro area vehicle fleet incorporated general-
ly cleaner vehicles. In addition, a vehicle
inspection and maintenance program was
operative over that period. Finally, there
were changes in fuel composition. Any or all
of these factors, or some combination of
them, may be involved in the trend toward
lower benzene concentrations.

Formaldehyde concentrations have been
measured since 1991 at the Minneapolis
Public Library, Holman Field in St. Paul, and
at Pine Bend (Koch sites 420, 423, and 426),
and since 1993 at St. Paul Park. Plots of the
data (e.g., Figure 7) appear to show that the
measured concentrations increased over time.
Figure 7 also shows that the data are seasonal,
with maximum concentrations occurring in
the summer and minimums in the winter.
Figure 7 shows data from the Minneapolis
Public Library site, but the data from this site
are similar in terms of the seasonal and trend
components to the other sites listed here. 

Figure 7 appears to show an increase in
formaldehyde concentrations over time, but
it is important to understand whether there
has indeed been an increase in formaldehyde
concentrations, or whether the apparent
increase can be attributed to other factors.
Over the period of record, there have been at
least two changes that could influence the

formaldehyde levels. First, the measurement
technique was changed to include ozone
scrubbing in May 1995. Second, the amount
of oxygenated fuel sold in the state increased
from approximately 15% in 1991 to over
90% in 1998. There is speculation that
increased use of oxygenated fuel may lead to
higher emissions of certain pollutants such as
formaldehyde.

To investigate the influence of these
changes, we conducted a trend analysis on
the formaldehyde data. First the data were
deseasonalized. Next, two additional vari-
ables (in addition to the time, or trend, vari-
able) were included in the analysis, one to
account for the change in measurement
technique and a second to account for the
percentage of oxygenated fuel sold each
month since 1991. Multiple linear regression
showed that the only variable which was a
statistically significant predictor of deseason-
alized formaldehyde concentrations was the
measurement technique. The variables for
trend over time and percentage of oxygenat-
ed fuel were not significant. This finding was
true for all sites. Thus we conclude that mea-
sured formaldehyde concentrations appear to
have remained stable over time, and that the
increased use of ethanol-containing fuel does
not appear to have led to an increase in
formaldehyde concentrations.

The importance of the change in car-
bonyl measurement technique by adding
ozone scrubbing can be seen from Figure 7.
The measurements were systematically lower

in the time before ozone scrubbing. After
May 1995, the measurements were not only
systematically higher but also the seasonal
component was much more apparent. The
masking of the seasonal component in the
nonozone-scrubbed data presumably
occurred because ozone concentrations are
typically higher in summertime, leading to
greater formaldehyde destruction during the
times when concentrations would otherwise
be expected to be highest. As can be seen in
Figure 7, the deseasonalized data (dotted
line) still show some seasonality in the years
1995–1998. This occurs because the desea-
sonalization was done for the entire time
series, including the data obtained before
1995, when the seasonality was masked. An
alternative method would be to treat the data
obtained from May 1995 onward separately.

Limitations. There are several important
limitations to the work reported here, some
of which have already been discussed. In
summary we note the following:
• The set of pollutants considered was limit-

ed. Inclusion of additional pollutants would
tend to increase estimated health risks.

• Only inhalation health impacts were con-
sidered. The inclusion of other exposure
pathways would tend to increase estimated
health risks.

• Because of the limited knowledge for the
ambient air speciation of chromium, it is
unknown to what extent the use of the
hexavalent chromium health benchmark
value may overstate the human health risk
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Figure 7. Trend in formaldehyde measurements at site 945, the Minneapolis Public Library site. The hori-
zontal dashed line is at the health benchmark for formaldehyde (0.8 µg/m3). The vertical dashed line is at 1
May 1995, the date when the measurement technique was changed to add ozone scrubbing.
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estimated for exposure to total chromium.
• The toxicity value for B[a]P was used as a

surrogate to represent the toxicity of POM.
This assumption may either over- or
underestimate the actual toxicity of POM
depending on the mix of substances that
make up POM at a particular time and
place; however, we believe that employing
this assumption represents the actual risk
better than using no value (i.e., assuming a
zero risk for POM).

• Metals analysis of PM10 filters by XRF was
of limited value since the measurements
were frequently below the LDL, and the
detection levels often exceed health bench-
marks. It appears that an alternative analyt-
ical technique is required to routinely
detect metals on PM10 filters at sites like
those in Minnesota.

• Modeled emissions data were from 1990.
Since 1990 there have been several changes
that might alter modeled estimates of pol-
lutant concentrations. Methods for esti-
mating emissions have improved over
time. The improvements result in increases
in reported emissions of some pollutants
and decreases in others. In general, we
expect emissions from point sources and
several area source categories to have
declined as sources came into compliance
with the National Emissions Standards for
Hazardous Air Pollutants (NESHAPS)
(37). Some area source emissions are close-
ly linked to population. Since population
has increased in most places, emissions
from these area source categories are likely
to have increased. In the mobile source
arena, both cars and fuels have gotten
cleaner. On the other hand, vehicle miles
traveled and fuel use have increased. We
do not know the extent to which these
counteracting trends offset one another.

• The results pertain to outdoor air at specif-
ic stationary locations; however, people
move from place to place and spend a large
fraction of time indoors. In general, indoor
concentrations of many of the pollutants
reported here tend to be higher than out-
door concentrations, and personal concen-
trations tend to be higher still (11,12).

• Three of the pollutants identified as major
contributors to modeled cancer risks or
noncancer hazard indices were not mea-
sured in this study: acrolein, 1,3-butadiene,
and POM. Future monitoring work should
be undertaken to address these pollutants.

A quantitative analysis of the uncertainties
is not possible with the available information,

but clearly some of the limitations lead
toward errors of underestimating risks, where-
as others lead toward overestimating risks. 

Conclusion

We used modeling and monitoring to char-
acterize air toxics concentrations in
Minnesota. The estimated and measured pol-
lutant concentrations were in turn used to
evaluate health risks. Despite the shortcom-
ings and the incompleteness of the available
information, we believe the weight of evi-
dence suggests that air toxics are an impor-
tant public health concern in Minnesota, and
that prudent and cost-effective measures for
reducing emissions and air concentrations
should be evaluated.

REFERENCES AND NOTES

1. National Primary and Secondary Ambient Air Quality
Standards. 40 C.F.R. Part 50, 1999. 

2. The Clean Air Act. Public Law 91-604. 42 U.S.C. 1857h-7,
amended 1970.

3. The Emergency Planning and Community Right to Know
Act. 42 U.S.C. 11001, 1986.

4. The Toxic Substances Control Act. 15 U.S.C. § 2601, 1976.
5. The Comprehensive Environmental Response,

Compensation, and Liability Act. 42 U.S.C. 103, 1980.
6. Woodruff TJ, Axelrad DA, Caldwell J, Morello-Frosch R,

Rosenbaum A. Public health implications of 1990 air toxi-
cs concentrations across the United States. Environ
Health Perspect 106:245–251 (1998).

7. Caldwell JC, Woodruff TJ, Morello-Frosch R, Axelrad DA.
Application of health information to hazardous air pollu-
tants modeled in EPA’s Cumulative Exposure Project.
Toxicol Indust Health 14:429–454 (1998)

8. Rosenbaum AS, Axelrad DA, Woodruff TJ, Wei YH,
Ligocki MP, Cohen JP. National estimates of outdoor air
toxics concentrations. J Air Waste Manag Assoc
49:1138–1152 (1999).

9. [South Coast] Air Quality Management District
[California]. Multiple Air Toxics Exposure Study (MATES-
II). Available: http://www.aqmd.gov/news1/download.
htm [cited 31 March 2000]. 

10. Sweet CW, Vermette SJ. Toxic volatile organic com-
pounds in urban air in Illinois. Environ Sci Technol
26:165–173 (1992).

11. Wallace L. Environmental exposure to benzene: an
update. Environ Health Perspect 104 (suppl 6):1129–1136
(1996).

12. Ott WR, Roberts JW. Everyday exposure to toxic pollu-
tants. Sci Am 278(2):86–91 (1998). 

13. Minnesota Pollution Control Agency. MPCA Staff Paper
on Air Toxics. Available: http://www.pca.state.mn.us/air/
airtoxics.html [cited 31 March 2000]. 

14. Systems Applications International, Inc. Modeling
Cumulative Outdoor Concentrations of Hazardous Air
Pollutants, Revised Final Report. SYSAPP-99-96/33r2.
Available: http://www.epa.gov/CumulativeExposure/
resource/report.htm [cited 9 June 2000]. 

15. Anderson G. Human Exposure to Atmospheric
Concentrations of Selected Chemicals, Vol. 1. NTIS PB84-
102540. Research Triangle Park, NC:U.S. Environmental
Protection Agency, 1983. 

16. Minnesota Statutes 115.454. Monitoring Program.
Available: http://www.revisor.leg.state.mn.us/stats/
116/454.html [cited 8 June 2000]. 

17. U.S. EPA. Quality Assurance Handbook for Air Pollution
Measurement Systems, Volume I: A Field Guide to

Environmental Quality Assurance. EPA/600/R-94/038a.
Washington, DC:U.S. Environmental Protection Agency,
1994.

18. U.S. EPA. Compendium of Methods for the Determination
of Toxic Organic Compounds in Ambient Air, 2nd ed.
Compendium Method TO-14A. EPA/625/R-96/010b.
Cincinnati, OH:U.S. Environmental Protection Agency
Office of Research and Development, 1999. 

19. U.S. EPA. Compendium of Methods for the Determination
of Toxic Organic Compounds in Ambient Air, 2nd ed.
Compendium Method TO-11A. EPA/625/R-96/010b.
Cincinnati, OH:U.S. Environmental Protection Agency
Office of Research and Development, 1999. 

20. Ambient Air Monitoring Reference and Equivalent
Methods. 40 C.F.R. Part 53, 1999. 

21. Minnesota Department of Health. Minnesota Health Risk
Values (HRV). St. Paul, MN:Minnesota Department of
Health, 1998. 

22. U.S. EPA. Integrated Risk Information System (IRIS).
Available: http://www.epa.gov/iris/ [cited 31 March 2000].

23. U.S. EPA. Health Effects Assessment Summary Tables
(HEAST). EPA/540/R-97/036. Washington, DC:U.S.
Environmental Protection Agency, Office of Solid Waste
and Emergency Response, 1997.

24. California Environmental Protection Agency Office of
Environmental Health Hazard Assessment. Air. Available:
http://www.oehha.org/air.html [cited 9 June 2000]. 

25. U.S. Environmental Protection Agency. Toxicological
Review of Hexavalent Chromium (CAS No. 18540-29-9): In
Support of Summary Information on the Integrated Risk
Information System (IRIS). Available: http://www.epa.
gov/iris/toxreviews/cr6-toxf.pdf [cited 10 May 2000].

26. ATSDR. Draft Toxicological Profile for Chromium
(Update). Atlanta, GA:Agency for Toxic Substances and
Disease Registry, 1998.

27. California Air Resources Board and the Office of
Environmental Health Hazard Assessment. Executive
Summary: Benzo[a]pyrene as a Toxic Air Contaminant.
Available: http://arbis.arb.ca.gov/toxics/summary/
bap.htm [cited 31 March 2000].

28. California Environmental Protection Agency Air
Resources Board. Initial Statement of Reasons for
Rulemaking. Staff Report. Proposed Identification of
Diesel Exhaust as a Toxic Air Contaminant, June 1998.
Available:http://www.arb.ca.gov/toxics/dieseltac/
staffrpt.pdf [cited 9 June 2000]. 

29. Office of Mobile Sources. Motor Vehicle-Related Air
Toxics Study. EPA-420-R-93-005. Ann Arbor, MI:U.S.
Environmental Protection Agency, 1993.

30. Steenland K, Deddens J, Stayner L. Diesel exhaust and
lung cancer in the trucking industry: exposure-response
analyses and risk assessment. Am J Ind Med 34:220–228
(1998).

31. Chen CW, Oberdorster G. Selection of models for assess-
ing dose-response relationships for particle-induced lung
cancer. Inhal Toxicol 8(suppl):259–278 (1996).

32. Ris C (National Center for Environmental Assessment,
U.S. Environmental Protection Agency, Washington, DC).
Personal communication, 30 March 2000. 

33. Kramp F, Paulson SE. The gas phase reaction of ozone
with 1,3-butadiene: formation yields of some toxic prod-
ucts. Atmos Environ 34:35–43 (2000).

34. Tuazon EC, Alvarado A, Aschmann SM, Atkinson R, Arey J.
Products of the gas-phase reactions of 1,3-butadiene with
OH and NO3 radicals. Environ Sci Technol 33:3586–3595
(1999).

35. Montzka SA, Butler JH, Elkins JW, Thompson TM, Clarke
AD, Lock LT. Present and future trends in the atmospher-
ic burden of ozone-depleting halogens. Nature
398:690–694 (1999).

36. Office of Air Quality Planning and Standards. National
Air Pollutant Emissions Trends, 1990–1995. EPA-454/R-
96-007. Research Triangle Park, NC:U.S. Environmental
Protection Agency, 1996. 

37. National Emission Standards for Hazardous Air
Pollutants. 40 C.F.R. Part 61, 1999.

Articles • An assessment of air toxics in Minnesota

Environmental Health Perspectives • VOLUME 108 | NUMBER 9 | September 2000 825


