Environmental Health
This article by Licudine et al. represents another important concept in epidemiology: exposure assessment. Environmental assessment is a relatively new concept; the first time it was formally addressed by the Environmental
Protection Agency (EPA) was in the mid-1980s. In fact, exposure assessment represents the predominant part of
EPA risk assessments. The revised EPA Guidelines for Exposure Assessment carefully address several key concepts,
including measurement of exposure, intake, uptake, and dose. Each of these concepts is essential to the understanding of health effects related to environmental exposures.
The authors explore the seemingly innocuous activity of observing New Year fireworks displays. The authors
measured exposure and documented the presence of several contaminants in ambient air during the New Year
celebrations. These contaminants may pose long-term exposure risk and may be associated with adverse health
effects. Hopefully, future investigators will take the next steps and evaluate potential longer-term environmental
and health impacts by implementing the other concepts involved in exposure assessment: intake, uptake, and dose.
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Honolulu, Hawaii, has consistently recorded the cleanest air among large U.S. cities, except once a year
during New Year celebrations, because of traditional
fireworks displays statewide.1,2 These fireworks result in
increased levels of suspended particulates in residential
air as high as 300% above the pre-fireworks level, and
can cause adverse health effects.3,4 In recent years, residential fireworks celebrations in Hawaii have become
increasingly intense, resulting in more fires and
increased human injuries despite laws enacted to curb
their use.5–7 Moreover, dangerous aerial fireworks from
illegal importation and sales punctuate the problem,
and may lead to even more health and safety hazards
because they are unregulated and generate contaminants of largely unknown composition and toxicity.8,9
Recent legislation has further banned fireworks on
the island of Oahu after the 2011 New Year (2011NY)
celebration because of health and safety concerns.10
Advanced technologies have transformed fireworks
propellants, and new oxidizers and color producers
enhance visual effects.11,12 Chlorine-based oxidizers
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such as chlorates or perchlorates can be used to achieve
noise levels equivalent to trinitrotoluene and result
in more violent explosions than traditional nitrates.13
Demand for fireworks with designer colors has resulted
in increased use of metals as color producers.14,15 Lead
(Pb) salts are widely used as igniters to initiate fireworks
explosions.16 Manganese (Mn) and Mn dioxide serve as
fuel and oxidizer for brighter lights,17 chromium (Cr) is
used as a burn rate catalyst for propellants,18 and nickel
(Ni) acts as an electric firing device for fireworks.19
Concern regarding environmental and health risks
has developed because metals are generally persistent
in the environment, perchlorates have been associated with thyroid problems,20 and toxic byproducts
(e.g., dioxins) could be produced as a result of atmospheric reactions between metal oxides and organic
fuels.21 Before and after every New Year celebration,
the Hawaii State Department of Health (HDOH)
issues health advisories to the public and reports the
amount of particulate matter (PM), specifically the
PM10 (#10 microns [µm]) dispersed in the air during the festivities. The 2005NY celebration resulted in
PM10 levels that exceeded the state and federal 24-hour
PM10 standard of 150 micrograms per cubic meter
[µg/m3].22 Short-term exposure to very high levels
of PM during fireworks episodes have caused asthma
problems and other respiratory ailments in Hawaii3,4,23
and elsewhere.24,25 Furthermore, short- and long-term
exposures to the smaller particulates PM2.5 (#2.5 µm)
have been associated with increased cardiovascular and
lung cancer mortality.26,27
In 1975, the presence of potassium chloride and
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sulfur dioxide in Oahu ambient air during the New
Year fireworks celebration was documented by Smith
and Dinh in connection with a health-related study.23
In recent years, significant increases in ambient air
barium (Ba), strontium (Sr), magnesium (Mg), Pb,
Mn, and other metals have been reported during
fireworks-related festivities in Spain,28 China,29 India,30
and Italy.31 To document the concentrations of metals
in central Oahu ambient air during New Year fireworks
celebrations, we sought additional air sampling from
2004NY–2011NY, following the U.S. Environmental
Protection Agency (EPA) Air Toxics program methodology. In the Air Toxics program, the six core metals—Pb, Mn, Cr, Ni, cadmium (Cd), and beryllium
(Be)—are monitored, arsenic (As) and mercury (Hg)
are excluded from the inorganic hazardous air pollutant (HAP) list, and Pb is the only metal regulated.32,33
The EPA began an assessment of cancer and non-cancer
health risks associated with exposure to various toxic
chemicals in 1999, and adverse health effects of HAP
metals that were published in 200534 are summarized in
Table 1. Additional toxicity associations35,36 and cancer
tissue metal accumulations37,38 have been described in
workers with well-characterized exposure to metal-rich
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particles. Excessive exposure to some heavy metals
may have led to mental dysfunction and neurological
disorders.39,40 Recent findings associated exposure to
Pb, Mn, and other metals with the development of
neurodegenerative disorders mimicking Parkinson’s,
Alzheimer’s, and Huntington’s diseases.41,42
Although some of these HAP metals have desirable
characteristics in pyrotechnics, other materials should
be used to avoid known toxicities. The American Fireworks Standards Laboratory (AFSL) has prohibited
the use of Pb, As, and Hg salts in the manufacture of
fireworks.43 In this article, we document the presence
of contaminants in ambient air collected over the HAP
pilot site of Pearl City in central Oahu during 2004NY–
2011NY celebrations.
METHODS
Air sampling
The metal sample collection was conducted in Pearl
City on central Oahu because routine monitoring
indicated historically high ambient particulates during New Year fireworks celebrations, as compared with
other sites on the island of Oahu.22 Air sampling for

Table 1. Toxicological evaluation of EPA hazardous air pollutant metals, health risks, and benchmarks
Metals
1.
2.
3.
4.
5.
6.
7.
8.

Arsenic
Beryllium
Cadmium
Chromiumd
Lead
Manganese
Mercury
Nickel

Health riska,b
(cancer/non-cancer)

EPA benchmarkc
(ng/m3)

Respiratory cancer/developmental
Lung cancer/respiratory
Lung cancer/kidney
Lung cancer/respiratory
None/developmental
None/neurological
None/neurological
Lung cancer/immunological

0.57
1.00
1.40
0.20,e 0.01f
1,500.00,g 150.00h
52.00i
310.00,j 31.00k
10.00

a
Environmental Protection Agency (US), National-Scale Air Toxics Assessment Program. Health effects information used in cancer and noncancer
risk characterization for the 1999 national-scale assessment [cited 2010 Dec 10]. Available from: URL: http://www.epa.gov/ttn/atw/nata1999/
tables.html
b
Agency for Toxic Substances and Disease Registry (US). ToxFAQSTM for HAP metals [cited 2011 Apr 11]. Available from: URL: http://www.atsdr
.cdc.gov/toxfaqs/index.asp#bookmark04

EPA benchmark for resident air based on minimum concentration for carcinogenic target risk or non-cancer hazard index (i.e., lead, manganese,
and mercury) on lifetime exposure as of November 2011
c

d

Total chromium (Cr) (1:6 ratio Cr VI:Cr III)

Carcinogenic target risk based on total Cr before November 2010

e

Carcinogenic target risk based on hexavalent Cr (Cr+6) starting with the November 2010 update

f

g

National ambient air quality standard for lead before October 15, 2008

New national ambient air quality standard for lead starting October 15, 2008

h

Non-cancer hazard index for manganese

i

Elemental mercury non-cancer hazard index

j

Non-cancer hazard index for mercury salts as of November 2011

k

EPA 5 Environmental Protection Agency
ng/m3 5 nanograms per cubic meter
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no technicians were available to set up the sampler during the weekend for New Year’s Day sampling, so those
data were not collected. The PM10 data were generated
from a BAM-1020 PM10 continuous sampler (Met One
Instruments, Inc., Grants Pass, Oregon) that measures
particulates hourly. The meteorological data (wind
speed and precipitation) based on Honolulu international airport weather station reports were downloaded
from http://www.wunderground.com (Table 2).

metals was performed using two Graseby Andersen
high-volume samplers (Andersen Instruments Inc.,
Smyrna, Georgia) capable of maintaining a flow rate
of ~1.0 m3/minute for 24 hours following EPA protocols.44 The total suspended particulates (TSP) samples
as defined by the EPA45 were collected in 8-by-10-inch
spectro-quality-grade glass fiber filters provided by the
EPA. New Year’s Eve sampling spanned 24 hours, starting at 12 a.m. on December 31 and ending at 11:59 p.m.
on December 31 (Table 2). New Year’s Day sampling
also spanned 24 hours, starting at 12 a.m. on January
1 and finishing at 11:59 p.m.
The EPA has an official sampling schedule each
year, and it included New Year’s Day 2008 and 2009.
EPA sampling dates that occurred closest before and
after New Year’s Day represented pre-fireworks and
post-fireworks sampling, respectively. If New Year’s Eve
or New Year’s Day sampling did not coincide with the
EPA’s official sampling date (years other than 2008 and
2009), special sampling for that day was conducted,
except for 2006NY. For 2006NY, the official EPA sampling schedule interfered with the ability to sample
2006 New Year’s Eve. Specifically, the EPA sampling
ended on Friday, December 30, 2005, at midnight, and

Sample preparation and analysis
A 1¾-by-2¼-inch portion of the TSP filter was extracted
with 40 milliliters of 0.25 normal (N) nitric acid
(HNO3) solution using the Bransonic® 8510 Ultrasonic
Cleaner (Branson Ultrasonics, Danbury, Connecticut)
set at 60º C for about two hours. The acid extract was
filtered through a 0.45 µm nylon filter using a Pall
Gelman magnetic filter funnel (Pall Life Sciences Inc.,
Ann Arbor, Michigan). Blank filters and quality control
samples were also prepared and extracted following
our standard laboratory procedure, which was audited
and approved by the EPA in 2008.46 The 2004NY and
2005NY fireworks samples were re-extracted and analyzed following the EPA approved methodology.

Table 2. Meteorological conditions during fireworks: New Year celebrations in Pearl City, Hawaii,
2004NY–2005NY and 2007NY–2011NY
Sampling date
(24 hours)

Fireworks event
(date/time)b

Average wind speed
(miles per hour)

Precipitation
(inches)

2004NY

12/31/2003
(12 a.m.–11:59 p.m.)

12/31/2003
(5:53 p.m.–11:53 p.m.)

5.5

0.03

2005NY

12/31/2004
(12 a.m.–11:59 p.m.)

12/31/2004
(5:53 p.m.–11:53 p.m.)

6.9

0.00

2007NY

12/31/2006
(12 a.m.–11:59 p.m.)

12/31/2006
(5:53 p.m.–11:53 p.m.)

9.1

NA

2008NY

1/1/2008
(12 a.m.–11:59 p.m.)

1/1/2008
(12:53 a.m.–5:53 a.m.)

8.3

NA

2009NY

1/1/2009
(12 a.m.–11:59 p.m.)

1/1/2009
(12:53 a.m.–5:53 a.m.)

8.6

0.44

2010NY

1/1/2010
(12 a.m.–11:59 p.m.)

1/1/2010
(12:53 a.m.–5:53 a.m.)

4.6

NA

2011NY

12/31/2010
(12 a.m.–11:59 p.m.)

12/31/2010
(5:53 p.m.–11:53 p.m.)

4.5

NA

Yeara

New Year fireworks event, except 2006NY (sampling not conducted)

a

b

Actual meteorological data computed for the specified date and time

NY 5 New Year
NA 5 not available
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Table 3. Method comparative analysis for hazardous air pollutant metals during
2005 New Year celebrations in Pearl City, Hawaii
Method quantitation limit
HAP metals

Mass
(amu)

1.
2.
3.
4.
5.
6.

9
111
52
208
55
60

Beryllium
Cadmium
Chromium
Lead
Manganese
Nickel

Quantitative analysis comparisona

GFAAS
(ng/m3)

ICP-MS
(ng/m3)

GFAAS
(ng/m3)

ICP-MS
(ng/m3)

RPD
(percent)

0.20
0.08
0.79
0.98
0.79
1.18

0.20
0.10
0.29
0.29
0.71
0.10

,MQL
1.4
144.7
307.0
100.3
5.3

,MQL
1.6
157.6
253.0
87.8
6.0

NA
13.3
8.5
19.0
13.3
12.4

2005 New Year sample collected from the main site in Pearl City, Hawaii, with concentration in ng/m3

a

HAP 5 hazardous air pollutant
GFAAS 5 graphite furnace atomic absorption spectroscopy
ICP-MS 5 inductively coupled plasma mass spectrometry
RPD 5 relative percent deviation
amu 5 atomic mass unit (of the metal isotope)
ng/m3 5 nanograms per cubic meter
MQL 5 method quantitation limit (based on the lowest calibration standard)
NA 5 not applicable

We analyzed ambient air samples during 2004NY–
2011NY celebrations by graphite furnace atomic
absorption spectroscopy (GFAAS) using a PerkinElmer
4110ZL AA instrument with transversally heated
graphite atomizer and AS-72 autosampler (PerkinElmer Corporation, Waltham, Massachusetts). Initial
confirmation and comparison analysis of HAP metals
was performed by inductively coupled plasma-mass
spectrometry (ICP-MS) using a PerkinElmer ELAN
DRC II ICP-MS (PerkinElmer) (Table 3). The ICP-MS
methodology was also used to further analyze 2005NY
and 2008NY samples, including pre-fireworks and postfireworks ambient air samples, to determine peaks and
dissipation of HAPs and other metals.47
Data analysis
Mass data obtained from GFAAS and ICP-MS were
corrected for filter blanks and then divided by the
collected sampling volume to determine concentration of metal analytes in ambient air. We used the
Pb-to-TSP ratio as an indicator of illegal fireworks
activity and computed it as the quotient of ambient
concentrations of Pb and TSP multiplied by 100. We
compared the ambient air metal concentrations during
fireworks displays with those before firework activity to
determine peak and measured the dissipation as the
time necessary for metal concentrations to return to
pre-firework levels. We computed the residence time
() of PM10 particulates by dividing the highest concentration of the particulates by the rate of removal in the
atmosphere.48 Quality management chemists from the

Environmental Health and Analytical Services Branch
of HDOH reviewed and assured data quality.
RESULTS
Detection of HAP metals during
2004NY–2011NY celebrations
During 2004NY and 2005NY celebrations (Figure 1a),
Pb peaks were highest at 217 ng/m3 and 304 ng/
m3, respectively, but these values were lower than the
National Ambient Air Quality Standard of 1,500 ng/m3
during that time. Levels of Cr at 55 ng/m3 in 2004NY
peaked even higher at 145 ng/m3 in 2005NY. These
values were 275 and 725 times the EPA benchmark
of 0.2 ng/m3 for Cr, respectively. Concentrations of
Mn peaked at 78 ng/m3 in 2004NY and 100 ng/m3 in
2005NY, both of which exceeded the EPA benchmark
of 52 ng/m3. From 2007 to 2011, Pb, Mn, and Cr concentrations decreased dramatically and, with the exception of Cr, were below EPA benchmarks. Cadmium
concentrations exceeded the benchmark value of 1.4
ng/m3 in 2007NY (1.9 ng/m3) and reached benchmark
in 2005NY (1.4 ng/m3) (Figure 1b). Interestingly, Cd
was detected below the benchmark level in 2004NY (1.1
ng/m3), 2009NY (0.8 ng/m3), 2010NY (0.6 ng/m3), and
2011NY (0.4 ng/m3), and below the method quantitation limit (MQL) in 2008NY. Peak Ni concentration was
highest during 2005NY (8.2 ng/m3); however, none of
the samples exceeded the EPA benchmark for Ni at
10 ng/m3. Beryllium was not found in any ambient air
samples at the analytical limit of detection.
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Figure 1a. Ambient air concentrations of Pb, Mn, and Cr during 2004NY–2005NY and 2007–2011NY
fireworks celebrations in Pearl City, Hawaii

Concentration (ng/m3)

EPA benchmark
Pb 5 1500 ng/m3 (before Oct 2008)
Pb 5 150 ng/m3 (as of Oct 2008)
Mn 5 52 ng/m3
Cr 5 0.2 ng/m3

Pb 5 lead
Mn 5 manganese
Cr 5 chromium
NY 5 New Year
EPA 5 Environmental Protection Agency
ng/m3 5 nanograms per cubic meter

Detection of HAP metal peak concentrations
during 2005NY and 2008NY celebrations
The presence of the HAP metals was determined by
ICP-MS based on their isotopic masses, as shown in
Table 3. Comparison of the quantitative analysis of
the HAP metals by GFAAS and ICP-MS from a 2005NY
ambient air sample demonstrated a relative percent
deviation of #19% for all metals. Although either
method would have been acceptable in the analysis
of the six HAP metals in this study, we chose ICP-MS
because of its lower quantitation limits for most HAP
metals (Table 3) and the convenience of analyzing
multiple metals in a single analysis. Consequently, we
used ICP-MS to determine peaks and dissipation of
HAP metals including As, Hg, and other fireworksrelated metals.
In 2005NY, HAP metal Pb increased 158-fold, and
Cd, Mn, Cr, and Ni (Table 4) also increased substantially compared with pre-fireworks levels. Arsenic at
7.6 ng/m3 was just higher than the MQL of 6.4 ng/m3,
while Hg and Be were below the MQL and not listed in
Table 4. In 2008NY, much lower concentrations of HAP
metals Pb (11 ng/m3), Cr (2 ng/m3), and Mn (4 ng/

m3) were measured on New Year’s Day. Pb levels were
five times the pre-fireworks concentrations, while all
other HAP metals had lower peaks (data not shown).
Pb-to-TSP ratio compared with fireworks
consumption during 2004NY–2011NY celebrations
During regular monitoring, the Pb-to-TSP ratio ranged
from 0.01% to 0.03%. After New Year’s celebrations,
the ratio increased above 0.04% and often rose much
higher (Figure 2a; 2006NY data not available). Ratios
occasionally increased after July 4 celebrations, but
only reached the 0.04% level in 2003 and 2008. Very
high Pb-to-TSP ratios were observed during the last
three years (2009NY–2011NY), the highest ratio being
in 2009NY (0.12%).
Fireworks importation has generally increased since
2004NY (Figure 2b),5 although permits issued began
declining in 2006NY. Starting with 2010NY, fireworks
import measurements changed from cases to pounds
and, thus, were no longer comparable with previous
years’ data. The 2011NY was the last year residential
fireworks were to be allowed in Hawaii, and fireworks
permit sales rose to 10,008 permits, which was a 24%
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Concentration (ng/m3)

Figure 1b. Ambient air concentrations of Ni, Cd, and Be during 2004NY–2005NY
and 2007–2011NY fireworks celebrations in Pearl City, Hawaii

EPA Benchmark
Ni 5 10 ng/m3
Cd 5 1.4 ng/m3
Be 5 1.0 ng/m3

Ni 5 nickel
Cd 5 cadmium
Be 5 beryllium
NY 5 New Year
EPA 5 Environmental Protection Agency
ng/m3 5 nanograms per cubic meter

increase from the previous year of 8,055 permits.
Although the highest total volume of fireworks imports
was recorded in 2007NY, a lower Pb-to-TSP ratio of
0.06% was observed for that year.
Elevation of other metals in ambient air during the
2005NY and 2008NY celebrations
During the 2005NY celebration, extremely high concentrations of Sr, potassium (K), copper (Cu), aluminum (Al), Mg, and sodium (Na), and moderately
high concentrations of bismuth (Bi), antimony (Sb),
zinc (Zn), Ba, titanium (Ti), and iron (Fe) were found
(Table 4). Three days before the 2005NY celebration
(on December 29, 2004), high concentrations of known
fireworks-related metals (e.g., Mg, Al, K, and Ba) were
already detected in ambient air, most likely due to sporadic fireworks use in the days leading up to New Year’s
Day. After midnight on New Year’s Eve, ambient air

concentrations of Bi, Sr, K, Sb, Cu, Zn, Al, Mg, rubidium
(Rb), and Ba increased dramatically compared with
sampling three days earlier. Although measurement
for Na was also high during New Year’s Eve and could
be attributed to fireworks, we could not rule out the
effects of sea salt in the marine atmosphere.49,50
In 2008NY, metals that increased substantially compared with pre-fireworks concentrations included Ba
(20-fold); selenium (sevenfold); Ag (sixfold); Sr and Ti
(fourfold); Rb (threefold); and Bi, Cu, and K (twofold).
Dissipation of PM10 particulates, HAPs,
and other metals during 2005NY and 2008NY
The PM10 particulate samples were collected hourly and
used as an indicator of the dissipation rate of the fireworks-associated particulates in ambient air (Figure 3).
In 2005NY, the particulates began increasing at about
8 p.m. on December 31, peaked around 1:30 a.m. on
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January 1, and returned to pre-fireworks levels at about
5:30 a.m. on January 1. The atmospheric residence time
()48 of the PM10 particulates was calculated to about
four hours, which was fast considering the quantity of
particulates. During 2008NY, particulate concentration
fluctuated inconsistently, possibly due to stronger trade
winds (Figure 3). The 2008NY particulates peaked at
about 1:30 a.m. at 0.4 mg/m3, but dropped rapidly to
the pre-fireworks level, resulting in an atmospheric
residence time of about an hour.
The three-day post-fireworks concentrations of all
metals, including HAP, had dissipated to pre-fireworks
levels (Table 4) with the exception of Na and Cu,
suggesting longer residence time for these metals.

However, high Na values measured for three days
before and after the event suggested that the high
background concentration of Na in Oahu’s ambient
air was most likely due to atmospheric sea salt from the
Pacific Ocean, as reported in other studies.49,50 Likewise, high background levels of ambient Cu, Al, Mg,
and Fe may be explained by the transport of aerosols
generated by the long sustained eruption of Hawaii’s
Kilauea volcano.51
DISCUSSION
This study revealed that HAP metals Pb, Cr, Mn, Cd,
Ni, and As, as well as other metals (e.g., Bi, Sr, K, Cu,

Table 4. ICP-MS analysis of HAPs and screening of other metals detected in Pearl City, Hawaii,
ambient air before, during, and after the 2005NY fireworks celebration
Pre-FW
(ng/m3)

During FW
(ng/m3)

Post-FW
(ng/m3)

Peaka
fold increase

1.6
0.1
6.0
11.0
1.2
,MQL

253.0
1.6
88.0
158.0
6.0
7.6

1.0
,MQL
6.0
9.0
1.0
,MQL

158
16
15
14
5
1d

1
8
647
1
137
32
797
2,040
1
72
1
19
6
285
16,767

512
1,719
61,016
86
6,697
581
7,295
18,409
9
504
6
57
12
606
21,743

0f
6
24
0f
200
22
212
1,299
0f
0f
0f
15
0f
269
19,450

512
215
94
86
49
18
9
9
9
7
6
3
2
2
1

Metals
HAP metalsb
Lead
Cadmiumc
Manganesec
Chromium
Nickelc
Arsenic
Other metalse
Bismuth
Strontium
Potassium
Antimony
Copper
Zincc
Aluminum
Magnesium
Rubidiumc
Barium
Silverc
Titanium
Zirconium
Iron
Sodium

Peak was the fold increase of metals during fireworks vs. pre-fireworks concentration.

a

Excluding beryllium and mercury

b

Metals found in fireworks samples that are neither listed as permitted nor prohibited chemicals for consumer fireworks by American Fireworks
Standards Laboratory
c

Fold increase computed as 2005NY during FW/MQL (6.4 ng/m3)

d

Other metals analyzed semi-quantitatively by ICP-MS

e

0 value means that metal in blank filter is higher than exposed filter sample.

f

IC-PMS 5 inductively coupled plasma mass spectrometry
HAP 5 hazardous air pollutant
NY 5 New Year
FW 5 fireworks
ng/m3 5 nanograms per cubic meter
MQL 5 method quantitation limit
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Pb-to-TSP ratio (percent)

Figure 2a. Trends of Pb-to-TSP ratio for fireworks particulates collected in Pearl City, Hawaii,
during 2004NY–2011NY celebrations

Pb 5 lead
TSP 5 total suspended particulates
NY 5 New Year

Volume of fireworks (number of cases)

Figure 2b. Fireworks imports and permits issued for 2004NY–2011NY celebrations in Honolulu, Hawaii

Source: Honolulu Fire Department
NY 5 New Year

Public Health Reports / July–August 2012 / Volume 127

*Volume of fireworks:
units of measure
changed from cases
to weight (pounds) for
2010NY and 2011NY.
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Figure 3. Accumulation and dissipation of PM10 particulates on 2005NY and 2008NY
fireworks celebrations in Pearl City, Hawaii

Concentration (mg/m3)

New Year’s PM10

2004NY–2005NY

2007NY–2008NY

December 31–January 1/end hour
PM10 5 particulate matter 10
NY 5 New Year
mg/m3 5 milligrams per cubic meter

Zn, Mg, and Ba), reached high concentrations relative
to pre-fireworks ambient air levels and then dissipated
quickly. Among the HAP metals, only Pb is regulated
by the EPA. In 2008, the three-month standard was
revised downward from 1,500 ng/m3 to 150 ng/m3.
If the present 150 ng/m3 standard had been in force
during the 2004 and 2005 celebrations, Hawaii would
have briefly (24-hour level vs. the three-month EPA
standard) exceeded the Pb levels. Cd and As were
also found, but the low concentrations indicate that
these might just have been impurities in other metals
such as Pb, Cu, or Zn.52,53 Cr was analyzed as total Cr;
however, based on the 2010 update of the Risk-Based
Concentration (RBC) table,54 the EPA benchmark was
no longer listed for total Cr but only for the more toxic
hexavalent Cr species (Cr+6), which was not analyzed in
this study. Surprisingly, Cr as dichromate, a potential
source of hexavalent Cr, is allowed by AFSL, although
not exceeding 5% of the formulation. Also noteworthy
was that neither Mn, Ni, or Cd metals (Table 4), nor
their compounds, were listed as prohibited or permitted fireworks chemicals by AFSL.
Other metals that were found at high concentrations are well-known color producers in fireworks.
Examples include Bi and Sr for producing blazing reds,
Cu compounds for blues, and purples from K and Rb
compounds. Hazard index information for all these
metals in ambient air was not yet available in the EPA

RBC table54 as of November 2011, although RBC is listed
for Al (5,200 ng/m3) and Ba (520 ng/m3). During the
2005NY, the Al ambient air concentration of 7,295 ng/
m3 exceeded the hazard index, while Ba at 504 ng/m3
was just below the hazard index value. Except for Rb,
Ag, Ti, zirconium, and Zn, the other metals (Table 4)
found in ambient air during the 2005NY were permitted by AFSL as standard fireworks chemicals.43
The American Pyrotechnics Association asserts that
there are no Pb compounds used in U.S. manufacture;
however, most fireworks products are imported from
China. In 2001, AFSL began testing Chinese imports
for pyrotechnic components, and those factories that
did not meet standards were asked to reformulate
their products to keep Pb-tainted fireworks out of U.S.
markets. Recently, however, Pb and other prohibited
metals were still detected in combusted fireworks in a
study conducted under controlled conditions in Seattle,
Washington.55 Detection of Pb in ambient air in this
study confirmed that some consumer fireworks being
used, and perhaps sold in some U.S. states including
Hawaii, were not AFSL tested and were probably illegal.
In Hawaii, an increasing trend in fireworks imports
with declining sale of consumer fireworks permits may
have further indicated illegal fireworks trade. Moreover,
high Pb-to-TSP ratios during the 2005NY and 2009NY–
2011NY celebrations indicated that Pb-tainted fireworks
were still being used or sold in Hawaii in recent years.
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Lower Pb-to-TSP ratios during 2004 and 2007, and
a decreasing trend during 2009NY–2011NY, could
potentially be explained by differences in composition, more efficient AFSL inspection, and/or stricter
implementation of the fireworks law.
Rapid dissipation rates of the PM10 particulates are
explained by the windy and isolated islands in the
north central Pacific Ocean, with thousands of miles
of fresh air surrounding the state. Ultrafine particles
including inorganic salts and some metals can remain
suspended and contribute to most of the New Year
celebration aerosol mass or haze. The ambient air
atmospheric residence time of fewer than three days
for most metallic particulates in Pearl City, Hawaii, is
much shorter than the residence time of more than
one week reported for another U.S. mainland city
outdoor pyrotechnic display.56 This rapid dissipation,
like the PM10 particulates, can be attributed to Hawaii’s
abundant fresh air, trade winds, and associated subtropical rainfall.
Limitations
This study was subject to several limitations. One
limitation was the meteorological monitoring. Wind
direction, wind speed, and rain vary widely around
Oahu, so conditions at the airport are not always
representative of the island or the study site. Consequently, much of the variation in fireworks-associated
HAP metal concentrations each year is greatly affected
by weather conditions at that particular location and
could have affected the data. Another limitation was
the Air Toxics program methodology. The specified
sampling period was from midnight to midnight,
which effectively split the New Year celebration into
two reporting periods (December 31 and January 1).
Consequently, the total quantity of metals for the event
was effectively split into two reporting periods. In other
words, if air sampling covered the entire event (before
midnight and after midnight), concentrations of these
metals for the 24-hour sampling period would have
been much higher.
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taminate water supplies, beaches, surface waters, soils,
and agricultural products, should also be investigated.
The authors thank Jeff Castillo, Harold Higashida, Corey
Lizama, and Mike Ibara for air sampling; Darren Suzuki for total
suspended particulates gravimetric analysis; and Terri Shinsato
for the Particulate Matter10 data. The authors also thank Steven
Bailey, Alfred Asato, and Jerry Pitz of the Chemical Terrorism
Response Laboratory of the Hawaii State Department of Health
(HDOH) for the inductively coupled plasma-mass spectrometry
analyses, and Richard Kiyokane and Robert Pineda for quality
management of the data.
Jocelyn Licudine is a Chemist and Henry Yee is the Supervisor
in the Air Surveillance and Analysis Section, Environmental
Health Analytical Services Branch of HDOH, State Laboratories
Division in Pearl City, Hawaii. Wanda Chang is Chief of the
Environmental Health Analytical Services Branch of HDOH, State
Laboratories Division. A. Christian Whelen is the Administrator
of the State Laboratories Division of HDOH and an Associate
Professor of Public Health with the University of Hawaii in
Honolulu, Hawaii.
Address correspondence to: A. Christian Whelen, PhD, Hawaii
State Department of Health, State Laboratories Division, 2725
Waimano Home Rd., Pearl City, HI 96782; tel. 808-453-6652; fax
808-453-6662; e-mail <chris.whelen@doh.hawaii.gov>.
©2012 Association of Schools of Public Health

REFERENCES
1.
2.

3.
4.
5.

6.

7.
8.

CONCLUSIONS
Although rapid dissipation rates reduce exposure, the
potential health effects due to short-term exposure to
high ambient levels of HAP and other metals cannot
be ignored. Cancer is the second leading cause of
death in Hawaii,57 and reducing exposure to known
carcinogens such as HAP metals should be a priority.
The longer-term environmental impact of these pollutant metals and other fireworks fallout, which can con-



9.

10.

11.
12.
13.

Public Health Reports / July–August 2012 / Volume 127

Honolulu fares well in air study. Honolulu Advertiser 2010 Apr
29 [cited 2012 Jan 2]. Available from: URL: http://the.honolulu
advertiser.com/article/2010/Apr/29/ln/hawaii4290336.html
Altonn H. Fireworks drop Hawaii’s grade to D for air quality.
Honolulu Star Bulletin 2007 May 1 [cited 2010 Apr 30]. Available
from: URL: http://archives.starbulletin.com/2007/05/01/news/
story10.html
Bach W, Dickinson L, Weiner B, Costello G. Some adverse
health effects due to air pollution from fireworks. Hawaii Med J
1972;31:459-65.
Bach W, Daniels A, Dickinson L, Hertlein F, Morrows J, Margolis
S, et al. Fireworks pollution and health. Int J Environ Studies
1975;7:183-92.
Wilson C. Hawaii fireworks ban not a Capitol priority. Honolulu
Advertiser 2010 Jan 10 [cited 2012 Mar 8]. Available from: URL:
http://the.honoluluadvertiser.com/article/2010/Jan/10/ln/
hawaii1100382.html
New Years fireworks injuries in Hawaii down after ban. Big
Island Video News 2012 Jan 9 [cited 2012 Mar 8]. Available
from: URL: http://www.bigislandvideonews.com/2012/01/09/
new-years-fireworks-injuries-in-hawaii-down-after-ban
Fireworks Control Law, Hawaii Rev. Stat. §132D (2000).
Boylan P. Plenty of peril with illegal fireworks. Honolulu Advertiser
2006 Dec 26 [cited 2012 Jan 2]. Available from: URL: http://the.
honoluluadvertiser.com/article/2006/Dec/26/ln/FP612260345
.html
Espero W. Smuggled-in fireworks expose security flaw. Honolulu
Star Bulletin 2010 Jan 7 [cited 2010 Jan 8]. Available from: URL:
http://archives.starbulletin.com/content/20100108_Smuggled-in
_fireworks_expose_security_flaw
City council votes to ban most fireworks. Khon 2. 2010 Sep 22
[cited 2012 Apr 12]. Available from: URL: http://www.khon2.
com/mostpopular/story/city-council-votes-to-ban-most-fireworks/
pnhy-yduoUSolDXJD87fw.cspx
Kubota N. Propellant chemistry. J Pyrotech 2000;11:25-45.
Koch EC. Special materials in pyrotechnics: IV.[1] The chemistry
of phosphorous and its compounds. J Pyrotech 2005;21:39-50.
Wharton RK, Chapman D, Jeffcock AE. Evaluation of the hazards

450  Environmental Health

14.
15.
16.
17.
18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.

29.
30.

31.
32.

33.

34.

posed by high energy bangers. Part 1. Noise, overpressure and TNT
equivalence. J Pyrotech 2002;15:1-8.
Kosanke KL, Kosanke BJ, Dujay RC. Pyrotechnic particle morphologies—metal fuels. J Pyrotech 2000;11:46-52.
Itoh K, Watanabe H, Ding D, Yoshida T. Effects of variation of
component content on the colored flame of firework star compositions. J Pyrotech 2009;28:19-36.
Deshmukh SM, Ghatak CK, Arya PR, Somayajulu MR, Rao AS.
Electrothermal response and functional characteristics of barium
ferrocyanide-based squibs. J Energetic Materials 2006;24:321-31.
Swanepoel D, Del Fabbro O, Focke WW, Conradie C. Manganese as
fuel in slow-burning pyrotechnic time delay compositions. Propellants, Explosives, Pyrotechnics 2010;35:105-13.
Charsley EL, Chen C-H, Boddington T, Laye PG, Pude JRG.
Differential thermal analysis and temperature profile analysis of
pyrotechnic delay systems: ternary mixtures of silicon, boron and
potassium dichromate. Thermochimica Acta 1980;35:141-52.
Berger B, Charsley EL, Rooney JJ, Warrington SB. Thermal
analysis studies on the zirconium/nickel alloy-potassium perchlorate-nitrocellulose pyrotechnic system. Thermochimica Acta
1995;269-270:687-96.
Greer MA, Goodman G, Pleus RC, Greer SE. Health effects
assessment for environmental perchlorate contamination: the
dose response for inhibition of thyroid radioiodine uptake in
humans [published erratum appears in Environ Health Perspect
2005;113:A732]. Environ Health Perspect 2002;110:927-37.
Fleischer O, Wichmann H, Lorenz W. Release of polychlorinated
dibenzo-p-dioxins and dibenzofurans by setting off fireworks. Chemosphere 1999;39:925-32.
Hawaii State Department of Health. State of Hawaii annual summary 2009 air quality data. Honolulu: Hawaii State Department of
Health, Clean Air Branch; 2010.
Smith RM, Dinh VD. Changes in forced expiratory flow due to
air pollution from fireworks: preliminary report. Environ Res
1975;9:321-31.
Hirai K, Yamazaki Y, Okada K, Furuta S, Kubo K. Acute eosinophilic
pneumonia associated with smoke from fireworks. Intern Med
2000;39:401-3.
Becker JM, Iskandrian S, Conkling J. Fatal and near-fatal asthma
in children exposed to fireworks. Ann Allergy Asthma Immunol
2000;85(6 Pt 1):512-3.
Shrey K, Suchit A, Deepika D, Shruti K, Vibha R. Air pollutants: the
key stages in the pathway towards the development of cardiovascular
disorders. Environ Toxicol Pharmacol 2011;31:1-9.
Laden F, Schwartz J, Speizer FE, Dochery DW. Reduction in fine particlulate air pollution and mortality: extended follow-up of the Harvard Six Cities Study. Am J Respir Crit Care Med 2006;173:667-72.
Moreno T, Querol X, Alastuey A, Minguillon MC, Pey J, Rodriguez S,
et al. Recreational atmospheric pollution episodes: inhalable metalliferous particles from firework displays. Atmospheric Environ
2007;41:913-22.
Wang Y, Zhuang G, Xu C, An Z. The air pollution caused by the
burning of fireworks during the lantern festival in Beijing. Atmospheric Environ 2007;41:417-31.
Kulshrestha UC, Rao TN, Azhaguvel S, Kulshrestha MJ. Emissions
and accumulation of metals in the atmosphere due to crackers
and sparkles during Diwali festival in India. Atmospheric Environ
2004;38:4421-5.
Vecchi R, Bernardoni V, Cricchio D, D’Alessandro A, Fermo P,
Lucarelli F, et al. The impact of fireworks on airborne particles.
Atmospheric Environ 2008;42:1121-32.
Environmental Protection Agency (US), Office of Air and Radiation,
Office of Air Quality Planning and Standards. National monitoring strategy air toxics component. Final draft, July 2004. Research
Triangle Park (NC): EPA; 2004.
Environmental Protection Agency (US), Office of Air Quality
Planning and Standards. Pb air quality standards [cited 2012 Dec
27]. Available from: URL: http://www.epa.gov/airquality/ lead/
standards.html
Environmental Protection Agency (US), National-Scale Air Toxics
Assessment Program. Health effects information used in cancer
and noncancer risk characterization for the 1999 national-scale
assessment [cited 2012 Dec 10]. Available from: URL: http://www
.epa.gov/ttn/atw/nata1999/tables.html

35.

36.
37.

38.
39.
40.
41.
42.
43.

44.
45.
46.

47.

48.

49.
50.

51.
52.
53.
54.

55.
56.
57.

Cantone L, Nordio F, Hou L, Apostoli P, Bonzini M, Tarantini L,
et al. Inhalable metal-rich air particles and histone H3K4 dimethylation and H3K9 acetylation in a cross-sectional study of steel
workers. Environ Health Perspect 2011;11:964-9.
Hou L, Tarantini L, Nordio F, Bonzini M, Angelici L, Marinelli B,
et al. Ambient PM exposure and DNA methylation in tumor suppressor genes: a cross-sectional study. Part Fibre Toxicol 2011;8:25.
Akslen LA, Myking AO, Morkve O, Gulsvik A, Raithel HJ, Schaller
KH. Increased content of chromium and nickel in lung tissues from patients with bronchial carcinoma. Pathol Res Pract
1990;186:717-22.
Kuo CY, Wong RH, Lin JY, Lai JC, Lee H. Accumulation of chromium and nickel metals in lung tumors from lung cancer patients
in Taiwan. J Toxicol Environ Health A 2006;69:1337-44.
Kampa M, Castanas E. Human health effects of air pollution. Environ
Pollut 2008;151:362-7.
Toscano CD, Guilarte TR. Lead neurotoxicity: from exposure to
molecular effects. Brain Res Rev 2005;49:529-54.
Mansouri MT, Cauli O. Motor alterations induced by chronic lead
exposure. Environ Toxicol Pharmacol 2009;27:307-13.
Bowman AB, Kwakye GF, Hernandez EH, Aschner M. Role of
manganese in neurodegenerative diseases. J Trace Elem Med Biol
2011;25:191-203.
American Fireworks Standards Laboratory. AFSL standards: appendix A: prohibited and permitted chemicals. Bethesda (MD): AFSL;
2009. Also available from: URL: http://www.afsl.org/afslstandards
.html [cited 2010 Dec 28].
Title 40: protection of environment. Ch. 1C, Pt. 50: national primary
and secondary ambient air standards.
40 C.F.R. Parts 50-51, §2.1 (2000).
Hawaii State Department of Health, State Laboratories Division,
Air Surveillance and Analysis Section. Air toxic metals: standard
operating procedure (SOP) for the determination of metals in
ambient particulate matter by graphite furnace atomic absorption
spectroscopy (GFAAS). Version 3.0. Honolulu: Hawaii State Department of Health; 2009.
Hawaii State Department of Health, State Laboratories Division,
Chemical Response Laboratory. Chemical analysis report—metals
analysis, EHASB Air Lab New Year’s fireworks samples, 2010 April 14.
Pearl City (HI): Hawaii State Department of Health; 2010 Mar 16.
Lyman WJ, editor. Atmospheric residence time. In: Lyman WJ,
Reehl WF, Rosenblatt DH. Handbook of chemical property estimation methods: environmental behavior of organic compounds.
Washington: American Chemical Society; 1982. p. 10-1–10-33.
Blanchard DC, Woodcock AH, Cipriano RJ. The vertical distribution of the concentration of sea salt in the marine atmosphere near
Hawaii. Tellus 1984;36B:118-25.
Campuzano-Jost P, Clark CD, Maring H, Covert DS, Howell S,
Kapustin V, et al. Near-real-time measurement of sea-salt aerosol
during the SEAS campaign: comparison of emission-based sodium
detection with an aerosol volatility technique. J Atmos Oceanic
Technol 2003;20:1421-30.
Kullman GJ, Jones WG, Cornwell RJ, Parker JE. Characterization of
air contaminants formed by the interaction of lava and sea water.
Environ Health Perspect 1994;102:478-82.
Agency for Toxic Substances and Disease Registry (US). Toxic substances portal; cadmium [cited 2011 Apr 11]. Available from: URL:
http://www.atsdr.cdc.gov/substances/toxsubstance.asp?toxid=15
National Library of Medicine (US). Tox Town: arsenic [cited
2011 Apr 11]. Available from: URL: http://toxtown.nlm.nih.gov/
text_version/chemicals.php?id=3
Environmental Protection Agency (US). Regional screening level
residential air supporting table November 2011 [cited 2011 Dec
20]. Available from: URL: http://www.epa.gov/reg3hwmd/risk/
human/rb-concentration_table/Generic_Tables/pdf/resair_sl_
table_run_NOV2011.pdf
Croteau G, Dills R, Beaudreau M, Davis M. Emission factors and
exposures from ground-level pyrotechnics. Atmospher Environ
2010;44:3295-303.
Perry KD. Effects of outdoor pyrotechnic display in the regional
air quality of West Washington State. J Air Waste Manag Assoc
1999;49:146-55.
Hernandez BY, Green MD, Cassel KD, Pobutsky AM, Vu V, Wilkens
LR. Preview of Hawaii cancer facts and figures 2010. Hawaii Med J
2010;69:223-4.

Public Health Reports / July–August 2012 / Volume 127

