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Human health risk to infants/toddlers and adults was evaluated based on two exposure scenarios from
compact fluorescent lamp (CFL) breakage; first in a room with no ventilation and no clean-up, and second
in a room with adequate ventilation and clean-up. Concentration data from multiple exposure scenarios
tested in a study by Stahler et al. (2008) were compared to human toxicity benchmarks to calculate haz-
ard quotients. For the no clean-up scenario, hazard quotients were generally less than 1, suggesting an
unlikely health risk. When the room was ventilated and the broken CFL was cleaned-up, mercury concen-
trations were generally lower. A review of release scenarios, along with duration-adjusted toxicity bench-
marks, indicated that few releases produced levels of concern, but some scenarios resulted in exceedance
of risk targets and require further study. Uncertainties in this screening characterization include assump-
tions about room size, ventilation, age of lamp, the distribution of mercury in the room, and also the
choice of the toxicity benchmarks used to develop the hazard quotients.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Compact fluorescent lamps (CFLs) are promoted as being more
energy efficient and an eco-friendly replacement for incandescent
lamps. Fluorescent lamps, including fluorescent tubes and CFLs,
are increasingly being used in homes around the world as part of
a drive to improve energy efficiency. Their use is promoted as a
replacement option for incandescent bulbs by many federal and lo-
cal government agencies. This screening evaluation of the potential
human health risks from broken CFLs was conducted for the New
Zealand Ministry for the Environment.

The key advantages of installing CFLs compared with incandes-
cent lamps are large reductions in energy use and greenhouse gas
emissions if the electricity is produced from burning fossil fuels
(Parsons, 2006). A disadvantage of fluorescent lamps is that they
contain milligram (mg) quantities of mercury. Mercury is an inte-
gral component of fluorescent lamps and a substitute chemical has
not yet been identified. Internationally, concerns have been raised
regarding potential mercury exposures following lamp breakage
(Groth, 2008; Stahler et al., 2008).
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1.1. Fluorescent lamps

Fluorescent lamps are electrical discharge lamps that contain
low-pressure mercury vapor and an inert gas, usually argon. The
inside of the glass is coated with a fluorescent phosphor powder.
The mercury vapor is excited by an electrical current between
two electrodes and emits ultraviolet (UV) light. The UV light causes
the phosphor coating to fluoresce and emit visible light. Mercury
(elemental or mercuric oxide) can be added to lamps in a variety
of forms including liquid, solid, or pellet amalgam dosing technol-
ogy (Parsons, 2006). A variety of mercury amalgams have been
used in fluorescent lamps with varying combinations of iron, bis-
muth, indium, tin and lead (Parsons, 2006). During lamp use, the
elemental mercury is oxidized and is adsorbed onto the phosphor
powder, as well as onto other lamp components including the glass
(Aucott et al., 2003; Jang et al., 2005; NJ MTF, 2002; Raposo et al.,
2004; UNEP, 2005). Elemental mercury also becomes dispersed
throughout the lamp during operations. These processes reduce
the amount of mercury that can be volatilized (Aucott et al.,
2003; NJ MTF, 2002) and so manufacturers add sufficient mercury
to ensure that there is an adequate supply of mercury vapor pres-
ent for the life of the lamp (Raposo et al., 2004; UNEP, 2005). A
range of fluorescent lamps are available, but the focus of this anal-
ysis was on CFLs only. No data on the specific form of mercury in
fluorescent lamps are available.
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Table 1
Amounts of mercury present in fluorescent lamps (mg per lamp) manufactured in
various countries.

Country Lamp type and amount of mercury
per lamp (mg)

Reference

Europe Halophosphate lamps 10 ROHs (2008)
Europe Triphosphate lamps 5–8 ROHs (2008)
Canada Linear fluorescent tubes 3–50 Environment

Canada (2004)
United States of

America
Linear fluorescent tubes 0–100 NEWMOA (2008)

United States of
America

Linear fluorescent tubes 1.4–50 Culver (2008)

United States of
America

Linear fluorescent tubes 1.25–5.96 Singhvi et al.
(2008)

Australia CFL 0.1–13 Boughey and Webb
(2008)

Canada CFL 1–25 Environment
Canada (2004)

United Kingdom CFL < 10 AEA Technology
(2004)

United States of
America

CFL 1–6 Culver (2008)

United States of
America

CFL average 4 Energy Star (2008)

United States of
America

CFL 5–50 NEWMOA (2008)
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The quantity of mercury present in a fluorescent lamp depends
on the type (linear versus CFL), brand, and the wattage (Aucott
et al., 2003; Culver, 2008; NEWMOA, 2008; NJ MTF, 2002; Stahler
et al., 2008). The mercury content is not listed on the packaging for
many of the products sold and is not always easily accessible from
manufacturer’s websites. The amount of mercury reported is up to
30 mg per light lamp for CFLs and up to 115 mg for linear fluorescent
tubes (Groth, 2008; Jang et al., 2005). Available international data on
the mercury content of fluorescent lamps are summarized in Table 1.
The amount of mercury per CFL can vary between brands as well as
between lamps of the same type (Stahler et al., 2008).

Internationally, manufacturers are reducing the amount of mer-
cury used in fluorescent lamps (Energy Star, 2008; UNEP, 2005). In
2007 the National Electrical Manufacturing Association (NEMA)
introduced a voluntary cap on mercury content in lamps sold in
United States (US) to 5 mg for CFLs less than 25 W and 6 mg for
25–40 W CFLs (NEMA, 2008). Internationally several manufactur-
ers are producing CFLs with a mercury content of around 1 mg
per lamp (Groth, 2008; Culver, 2008).
1.2. Toxicity of mercury

Mercury is a metallic element that exists in one of three forms:
metallic or elemental mercury (Hg0), inorganic mercury (Hg+ and
Hg2+salts) and organic mercury (e.g. methyl mercury, phenyl mer-
cury). Elemental mercury is a silvery liquid that can vaporize at
room temperature due to its low vapor pressure (HPA, 2006) and
is the form of mercury used in CFLs. The toxicology of inorganic
mercury compounds and elemental mercury are briefly summa-
rized here; organic mercury compounds are not known to be pres-
ent in fluorescent lamps.1

When a CFL is broken, people may be exposed to elemental mer-
cury (including vapor) and inorganic mercury compounds. The key
exposure pathway to humans from broken CFLs is inhalation with
80–97% of the inhaled elemental mercury being absorbed into the
body through the lungs. In comparison only 2.6% is absorbed from
1 The following text is meant as a briefing on the toxicology of mercury and should
not be considered as complete. We refer the reader to extensive analyses of this
subject as further described in the studies in the reference.
dermal exposure to elemental mercury vapor (HPA, 2006). Once in
the body, because elemental mercury is lipid soluble, it can cross
biological membranes including the blood-brain barrier and the pla-
centa (Risher et al., 2003). Mercury is circulated throughout the body
and can accumulate in the brain and the kidneys causing changes in
neurological and renal function. The absorbed elemental mercury is
oxidized to Hg2+ and is excreted in the urine (HPA, 2006). Mercury
vapor has an average half-life in the body of two months, but the re-
ported range is about 30–90 days (Risher and De Rosa, 2007).

The central nervous system is known to be the most sensitive tar-
get for exposure to mercury vapor. Exposure to mercury has caused
neurological and behavioral disorders in humans (HPA, 2006),
depending on the magnitude of the exposure, the exposure duration,
and the age and health status of the individual, as well as the chem-
ical species of mercury compounds (ATSDR, 1999). Humans are also
known to vary in their individual susceptibility to mercury exposure
(HPA, 2006) with fetuses, infants, and children under the age of six
known to be sensitive subgroups (Counter et al., 2004). However,
toxicity to mercury follows the expected dose–response principles;
thus, at small enough doses, even sensitive members of the popula-
tion are not expected to have adverse effects, as evidenced by contin-
uing work in the Seychelles and Faroes Islands with mercury
exposure to children (Schoeman et al., 2009).

Young children may also accumulate a higher internal dose of
mercury vapor than adults since their ventilation rate on a body-
weight basis is greater than adults. Their breathing zone is closer
to the floor where mercury vapor is likely to accumulate after a
CFL breakage on the floor surface (Johnson et al., 2008), because
such vapor is heavier than air. Exposure scenarios discussed in this
analysis take these two factors into account.
2. Data on mercury releases from broken CFLs

2.1. Fate of mercury when a CFL is broken

Once a CFL has been broken, mercury vapor, liquid mercury (if
present) and mercury adsorbed onto the phosphor powder will
be released (NJ MTF, 2002). It is unlikely that any spilled liquid
mercury will be visible as the volume of mercury is small and
any spilled mercury would form minute droplets on impact. The
phosphor powder can separate from the glass when the lamp is
broken (NJ MTF, 2002). The amount of mercury released as mer-
cury vapor or associated with the phosphor powder will depend
on the age of the lamp and quantity of mercury vapor in the lamp.

Fluorescent lamps will contain several species of mercury which
depend on the species of the mercury added by manufacture and the
age of the lamp (UNEP, 2005). Over time elemental mercury in the
lamp will be oxidized and will form inorganic mercury compounds
(predominantly HgO) (Aucott et al., 2003) and will partition to lamp
components including the glass and phosphor powder (Jang et al.,
2005). New lamps will release more mercury vapor, whereas in older
or spent (used) lamps the mercury will have been oxidized and or
have partitioned to lamp components. There is an initial spike in
air-borne mercury concentration following breakage of a CFL or lin-
ear fluorescent tube as mercury vapor is released (Aucott et al., 2003;
Environment Canada, 2004; Stahler et al., 2008), followed by slower
release of mercury present in solid and liquid forms (amalgams, li-
quid elemental mercury, inorganic mercury and mercury absorbed
onto lamp components).

Two recent studies quantified the amount of mercury released
when a CFL is broken. Johnson et al. (2008) broke used and new CFLs
in a 2 L Teflon container and measured the concentration of mercury
vapor released over time. Two CFLs were used in the study – a 13 W
lamp containing 4.5 mg of mercury and a 9 W lamp containing
5.0 mg of mercury. There was an initial high rate of mercury vapor



Table 2
Description of the six scenarios used in the Maine study (Stahler et al., 2008).

Scenario Floor
type

Clean-up Ventilation Hg measurementsa

S1 Wood None None Continuous until highest
concentration is reached

S2 Wood Clean-up
with no
vacuuming

None Continuous

S3 Short
pile rug

Clean-up
with no
vacuuming

None Continuous

S4 Long
pile
‘‘shag’’
rug

Clean-up
with no
vacuuming

None Continuous

S5 Short
pile rug

Clean-up
with
vacuuming

Yes,
includes
open
window

Continuous, along with
take discrete
measurements at vacuum
locations

S6 Long
pile
‘‘shag’’
rug

Clean-up
with
vacuuming

Yes,
includes
open
window

Continuous, along with
take discrete
measurements at vacuum
locations

Note: All six scenarios used the same ‘‘Brand A’’ soft white A19 14 watt lamp type.
a All measurements were taken at 1-ft and 5-ft above site of lamp break.
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release, which declined over 24-h. Over the first hour the lamps
released 12–43 lg of mercury vapor (1% or less of the total amount
of mercury in the lamp). During the first 24-h the 13 W lamp
released 504 lg or 11.1% of the total mercury, and the 9 W lamp re-
leased 113 lg or 1.9% of the total mercury (total mercury in the lamp
as specified by the manufacturer). The broken lamps continued to
release mercury for at least four days (the authors did not present
data beyond four days in the publication). Over four days the 13 W
lamp released a total of 1.34 mg or 30% of the total amount of mer-
cury in the lamp. Spent lamps released less mercury than new lamps.
The rate of release of mercury from the broken CFLs was greater than
the rate of release from a drop of liquid mercury equivalent to the
amount of mercury present in the CFLs. This increased rate of release
was attributed to the larger surface area of mercury adsorbed onto
the phosphor and lamp components in CFLs compared to a drop of
liquid mercury. The study also found that removing the glass shards
following a break on carpet reduced the discharge of mercury by
67%, with the remaining mercury discharge assumed to have origi-
nated from spilled phosphor powder (Johnson et al., 2008).

Aucott et al. (2003) measured the rate of release of mercury
from spent 4-ft fluorescent tubes containing 4.4 or 4.7 mg mercury.
Aucott et al. (2003) noted that the mercury releases from disposal
and recycling of fluorescent lamps estimated by others range
widely from 1% to 80%. Aucott et al. (2003) reported that a US Envi-
ronmental Protection Agency (EPA) model indicated 6%; an indus-
try report estimated 1%; and another author estimated a range of
20–80%). The Aucott study authors assumed mercury content of
4.55 mg per tube for their experiment. The fluorescent tubes were
broken inside a 32 gallon (146 L) plastic container and the concen-
tration of mercury vapor inside the plastic container was moni-
tored. Three room temperatures were used, 40, 60, and 85 �F for
each trial. The pattern of emission was similar to that observed
by Johnson et al. (2008) Initially there was a rapid rate of release
followed by a declining rate of release. Aucott et al. (2003) attrib-
uted the decline in release rate to two factors – a gradual release of
less volatile forms of mercury and oxidation of mercury. The mer-
cury release rate was dependent on temperature, which was ex-
pected because of the greater volatility of mercury at higher
temperatures. The authors estimated that 17–40% of the mercury
present in a fluorescent tube will volatilize over a 14-day period
with one-third of the mercury volatilized during the first 8-h.

Aucott et al. (2003) note that their measurements may be
underestimates due to: artificial gradients in the barrel from lack
of mixing of air, mercury may have adsorbed to test materials,
and the Jerome 411 analyzer used measures elemental mercury
vapor only. While it is believed that most of the volatile mercury
in the lamps is elemental, other volatile mercury compounds and
powders may be released.

Other authors (e.g., Jang et al., 2005; Raposo et al., 2004) have
investigated partitioning of mercury from spent fluorescent tubes.
Jang et al. (2005) measured partitioning of mercury in the vapor
phase, loose phosphor, lamp glass, and end caps of fluorescent
tubes. They found that total mercury concentration varied signifi-
cantly among lamps, and reports that 94% or more of mercury
remains either as a component of phosphor powders attached to
the glass tube or in the glass, with very little mercury in the vapor
phase. They concluded that the elemental mercury vapor has been
partitioned to other compartments through oxidative reactions
with phosphor powder and penetration mechanisms.

2.2. Maine (USA) Department of Environment Study (Stahler et al.,
2008)

The most comprehensive study of mercury exposure following
breakage of a CFL to date was undertaken by the Maine Department
of Environmental Protection (Stahler et al., 2008). Stahler et al.
(2008) focused the aim of the study to inform guidance on appropri-
ate clean-up procedures following breakage of CFL. The study inves-
tigated a range of scenarios including clean-up method, type of lamp
and floor covering (hardwood, short nap carpet and shag pile
carpet). Descriptions of the 6 scenarios used in the study can be
found in Table 2. Mercury concentrations were measured at 1-ft
(0.3 m) and 5-ft (1.5 m) sampling heights directly above the break-
age site using Lumex RA 915+ mercury analyzers, to reflect infant/
toddler and adult breathing zones, respectively, in a 110400 � 120100

room with 100 ceilings with a 3000 � 3800 window. The mercury vapor
results were compared with the Maine Ambient Air Guideline
(MAAG) of 300 ng/m3 (Stahler et al., 2008), which is the same as
the US EPA (2008) chronic reference concentration (RfC). The time
elapsed before levels fell below the MAAG were recorded.

For all tested scenarios, there was an initial elevated mercury
concentration, which decreased very quickly and then declined
more slowly over further time. Data from all the scenarios investi-
gated indicate that it took up to about 130 min for the concentra-
tion of mercury to fall below the MAAG value of 300 ng/m3 after
removing the broken lamp and ventilating the room by opening
the window. The concentrations of mercury measured above the
breakage site varied depending on the sampling height (with the
highest concentrations being measured at 1-ft), the brand and/or
wattage of lamp, absence or presence of room ventilation, and
the clean-up method. Results also varied for repeat testing of the
same brand of lamp, as well as, the addition of vacuuming.

Stahler et al. (2008) identified the CFL manufacturers for the
lamps they used, but did not provide the total mercury content
for the CFLs. Brand A (used in scenarios S1–S6) was a 14 W lamp
made by Phillips. Culver (2008) reports that Phillips CFLs sold in
the United States have a mercury content of 1.23–2.7 mg/lamp.

In scenario 1 (S1) of the Maine study (Stahler et al., 2008), a single
CFL (‘‘Brand A’’ 60 watt equivalent) was crushed on a painted mesh
cloth with mesh size 3/800 (hardware cloth) which was on top of a
piece of wood floor covering set inside a shallow open cardboard
box. The window and door were closed and the ventilation system
turned off. Three separate trials were run for this no clean-up sce-
nario. Tables 3 and 4 summarize the data from scenario S1. These
data are very appropriate to use for estimation of risk for scenario
B in a home setting where a CFL is broken. The highest maximum



Table 3
Individual data for scenario 1 from the Maine study.

Time
before
clean-up
initiated
(min)

Maximum
concentration
at 1-ft (ng/
m3)

Maximum
concentration
at 5-ft (ng/
m3)

1-h
Average
at 1-ft
(ng/m3)

1-h
Average
at 5-ft
(ng/m3)

Trial 1 60 8533 176 269 133
Trial 2 60 34,954 962 319 254
Trial 3 60 23,244 499 624 120

Individual trial data for Maine scenario S1 (unvented, ‘‘Brand A’’ 14 W = 60 W, no
clean-up) were extracted from Stahler et al. (2008). One hour averages represent
the average mercury concentration (ng/m3) for the first hour.
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concentration measured at 1-ft was 34,954 ng/m3 and at 5-ft was
962 ng/m3. One hour average concentrations ranged from 120 ng/
m3 (5-ft measurement) to 624 ng/m3 (1-ft measurement).

Points to consider with these experimental data include:

� Mercury concentrations were higher closer to the broken CFL;
concentrations are not uniformly distributed in the room;
� This brand of CFL contained 1.23–2.7 mg of mercury; other

lamps might have greater or smaller levels;
� These CFLs were new lamps and likely have greater mercury

vapor available for immediate release versus spent lamps;
� The flooring used in scenario S1 was wood.

Table 5 summarizes the average concentrations for five Maine
clean-up scenarios (S2–S6) that all utilized the same type of ‘‘Brand
A’’ CFL. The five clean-up scenarios (S2–S6) involved different floor-
ing materials, ventilations, and clean-up using Maine DEP existing
clean-up guidance, vacuumed, or cleaned up using variations of
the exiting clean-up guidance. Air was continuously sampled at
1-ft (0.3 m) and 5-ft (1.5 m) heights directly above the CFL breakage
site. Results from Stahler et al. Scenarios S2–S6 are relevant to the
Table 4
Averaged data for scenario 1 from the Maine study.

Avg of max (ng/m3) RSDa of max (ng/m3) 15 min avg. (ng/m3) 15 m

5-ft 546 72.4 193 50
1-ft 22,244 59.5 775 29

a RSD = relative standard deviation is computed as follows: RSD = 100 X (standard dev
(with relative standard deviations (RSDs)) for the three trials of Maine scenario S1 (unv

Table 5
Data for scenario 2 through 6 from the Maine study.

Scenario (intake) Avg. of maxa (ng/m3) RSD of maxb 15 min avg. (ng/m3) 1

S2 (5-ft) 666 23.1 106 4
S2 (1-ft) 12,261 37.7 307 4
S3 (5-ft) 770 40.9 220 1
S3 (1-ft) 8323 33.0 372 2
S4 (5-ft) 484 42.0 165 2
S4 (1-ft) 12,334 69.4 415 4
S5 (5-ft) 424 41.8 203 1
S5 (1-ft) 10,449 71.3 428 5
S6 (5-ft) 333 27.0 153 2
S6 (1-ft) 6855 127.4 251 6
All (5-ft) 549 48.1 176 3
All (1-ft) 11,880 77.0 42.5 5

Average concentrations in ng/m3 [with relative standard deviations (RSDs)] for the thre
a SD = relative standard deviation is computed as follows: RSD = 100 X (standard devi
b Three trials were run for all six scenarios. An additional trial was run for scenario 3

shortened runs.
second scenario of interest. All five of the Stahler et al. (2008) sce-
narios used the same brand and wattage (Brand A, 14 W) CFL, the
same initial clean-up measures, and for each scenario a window
was open. Three types of flooring were used (wood, short nap,
and long pile carpet). Two of these scenarios (S5 and S6) also in-
cluded vacuuming as part of the clean-up procedure. The results
again show that measured mercury levels at the 1-ft height were
consistently greater than those measured at the 5-ft height. The
maximum concentration measurements and the 1-h average con-
centrations across the five cleaned-up scenarios were much less
than for the no clean-up S1 scenario. The average maximum con-
centration was 11,880 ng/m3 at 1-ft and 549 ng/m3 at 5-ft and the
1-h average at 1-ft was 159 ng/m3 and at 5-ft it was 90 ng/m3. Addi-
tional tests were conducted for some of the carpeting scenarios and
found that agitating the carpet (by rubbing a hand or tool over the
surface) or a single vacuum session or repeated vacuuming gener-
ated peaks in the mercury concentrations. These measurements
were taken at 1 in. from the carpet surface and so cannot be directly
compared to the 1-ft and 5-ft measurements in the other trials.
3. Human health benchmark values

There are two agencies that have developed human health tox-
icity values are appropriate to use as benchmark values to compare
with acute exposures to elemental mercury vapor (see Table 6).
These health risk values have been developed to protect sensitive
subpopulations, including the pregnant woman and her fetus, the
infant, and the young child.

In the United States, Acute Exposure Guideline Levels (AEGLs) for
Hazardous Substances are developed by a National Advisory Com-
mittee (NAC), which includes members from Federal Agencies, State
governments, chemical industry, academia, and other organiza-
tions. AEGLs are developed for durations of 10 min to 8-h, and are
defined as the threshold concentrations above which the general
population, including susceptible individuals, could experience
health effects of specified severities following a single airborne
in RSD 30 min avg. (ng/m3) 30 min RSD 1 h avg. (ng/m3) 1 h RSD

186 50 169 44
572 36 404 48

iation of trial averages)/(average of trial averages). Averages mercury concentration
ented, ‘‘Brand A’’ 14 W, no clean-up) (extracted from Stahler et al. (2008).

5 min RSD 30 min avg. (ng/m3) 30 min RSD 1 h avg. (ng/m3) 1 h RSD

2 67 54 37 43
3 176 41 95 42
9 152 21 96 19
6 225 18 126 14
3 115 22 66 17
0 232 38 119 37
6 147 20 94 33
5 248 48 136 46
6 120 33 48 35
6 154 57 87 53
3.4 132 41.7 90 57.1
2.1 266 63.3 159 82.7

e trials of Maine scenario S2–S6 (extracted from Stahler et al. (2008)).
ation of trial averages)/(average of trial averages).
. Two trials, S2T1 and S3T1 (1-ft intake) did not include 1-h average results due to



Table 6
Selected benchmark values for various times from different organizations.

Agency Type of
exposure

Value Year Species Critical effect NOAEL/LOAEL Uncertainty
factorb

Principle study

NAC AEGL2a

10 min
3.1 mg/m3

(3100,000 ng/m3)
2008 Rat Absence of fetal

effects
NOAEL of 4 mg/m3 for 2-h/day
for 10 days

3 (3A, 1H) Morgan et al.
(2002)

AEGL2
30 min

2.1 mg/m3

(2100,000 ng/m3)
2008 Rat Absence of fetal

effects
NOAEL of 4 mg/m3 for 2-h/day
for 10 days

3 (3A, 1H) Morgan et al.
(2002)

AEGL2
60 min

1.7 mg/m3

(1700,000 ng/m3)
2008 Rat Absence of fetal

effects
NOAEL of 4 mg/m3 for 2-h/day
for 10 days

3 (3A, 1H) Morgan et al.
(2002)

AEGL2 4-h 0.67 mg/m3

(670,000 ng/m3)
2008 Rat Absence of fetal

effects
NOAEL of 4 mg/m3 for 2-h/day
for 10 days

3 (3A, 1H) Morgan et al.
(2002)

AEGL2 8-h 0.33 mg/m3

(330,000 ng/m3)
2008 Rat Absence of fetal

effects
NOAEL of 4 mg/m3 for 2-h/day
for 10 days

3 (3A, 1H) Morgan et al.
(2002)

OEHHA Acute REL
(1-h)

0.0018 mg/m3

(1800 ng/m3)
1999 Rat CNS disturbances in

offspring
LOAEL of 1.8 mg/m3, NOAEL not
observed

1000 (10L, 10A,
10H)

Danielsson et al.
(1993)

a Note that AEGLs also incorporate a time adjustment. See appropriate NAC discussion in the text for details.
b Uncertainty factors are used to account for extrapolation or uncertainty in several areas. ‘‘L’’ accounts for extrapolation from a LOAEL to a no-observed-adverse-effect

level (NOAEL); ‘‘H’’ accounts for inter-human variability; ‘‘A’’ accounts for extrapolation from experimental animals to humans; ‘‘D’’ is used to account for deficiencies in the
available toxicity data.
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exposure. An AEGL-1 is the concentration above which results in dis-
comfort, irritation, or certain asymptomatic nonsensory effects,
which are not disabling and are transient and reversible upon cessa-
tion of exposure. AEGL-2 is the concentration above which irrevers-
ible or other serious, long-lasting adverse health effects occur or may
cause an impaired ability to escape. AEGL-3 is the concentration
above which life-threatening health effects or death may occur.

No AEGL-1 values have been developed for mercury due to mer-
cury having no odor or warning properties. The AEGL-2 values
were developed based on studies finding no fetal effects in rats
exposed to mercury vapor concentrations up to 4 mg/m3, 2-h/day
for 10 days (Livardjani et al., 1991).

The Office of Environmental Health Hazard Assessment (OEHHA)
of the California Environmental Protection Agency has derived an
acute Reference Exposure Level (REL) of 1800 ng/m3 for a 1-h aver-
age exposure to mercury vapor (OEHHA, 2007). The acute REL of
1800 ng/m3 is based on behavioral deficits measured in rats follow-
ing in utero exposure to metallic mercury vapor (Danielsson et al.,
1993). The pregnant rats were exposed to concentrations as low as
1.8 mg/m3of mercury vapor for 1 h/day or 3 h/day during gestation
(days 11 through 14 plus days 17 through 20). The lowest-observed-
adverse-effect level (LOAEL) was 1.8 mg/m3 for behavioral deficits in
the offspring. The 1-h concentration determined by OEHHA was also
1.8 mg/m3. The Acute REL (1-h) of 0.0018 mg/m3 (1800 ng/m3) was
derived using an uncertainty factor of 1000 (10 for use of a LOAEL, 10
to extrapolate from rats to humans, and 10 for intra-species dif-
ferences).

OEHHA released a draft revised REL for mercury in November
2007 (OEHHA, 2007). The revised Acute REL is 0.0006 mg/m3

(600 ng/m3) and is based on the same study and effect level, but
the uncertainty factor was increased from 1000 to 3000. OEHHA in-
creased the intra-species uncertainty factor from 10 to 30, using the
default factor of 3 to account for inter-individual kinetic variability
and a factor of 10 to account for greater susceptibility of children
and their developing nervous systems. A factor of 30 for intraspecies
uncertainty is highly unusual; typically a single uncertainty factor
does not exceed 10. Due to the use of an unconventional uncertainty
factor for intraspecies variability and because of the interim status of
the draft Acute REL, the 0.0006 mg/m3 value, was not considered for
use as a benchmark health value for this report.
4. Results

This analysis considers two human exposure scenarios associ-
ated with the breaking of a CFL, and within each scenario, two
exposure measurements that reflect different breathing areas be-
tween adults and children. The first scenario (scenario A) considers
a single CFL broken in a small room that has no ventilation and no
clean-up is performed. The second scenario (scenario B) also con-
siders a single CFL broken in a small room, but in the second sce-
nario ‘‘adequate’’ clean-up has been carried out and there is
ventilation in the room. The second scenario also discusses the spe-
cial situation of ongoing mercury release from a carpeted floor fol-
lowing the clean-up.

To evaluate human exposure, experimental data are preferred,
especially when these data mimic the desired conditions closely,
are well-controlled, and are measured reliably. However, if the con-
ditions of the experiment do not match the desired scenario as clo-
sely as one would like, limitations and uncertainties may exist. In
such cases, mathematical models are appealing as one can con-
struct them to address parameters or measures that may not be
possible in a real-world experiment. For this analysis, the experi-
mental results from the Maine study (Stahler et al., 2008) are pref-
erable to a simple mathematical model because the scenarios being
addressed closely resemble the experimental data. These data can
be compared to selected human health toxicity benchmarks.

4.1. Scenario A – Mercury emissions after no clean-up with no
ventilation

The first scenario of interest is defined as a situation where a CFL
is broken in an average size room and no ventilation or clean-up
measures are taken. The Stahler et al. (2008) data for scenario S1
– the no clean-up scenario – are appropriate to use as an estimate
of exposure for this scenario. The maximum concentrations mea-
sured in S1 are found in Table 3 and the average concentrations
at 15 and 30 min and 1-h are found in Table 4. The maximum con-
centrations occurred within seconds of the CFL breakage.

In Fig. 1, the bars represent the average mercury vapor concen-
trations (from Table 4) for 15 and 30 min and 1-h and averaged
maximum mercury vapor concentrations from the Maine study
scenario S1 (Stahler et al., 2008) at 1-ft and 5-ft heights from the
floor. These are compared with relevant short-term toxicity bench-
marks (from Table 6). Please note the use of a log scale for the y-
axis in this and other figures.

Fig. 1 illustrates that none of the three time period’s average
concentrations, nor the average maximum concentration at 5-ft,
measured for the no clean-up scenario exceeded 15 and 30 min
and 1-h AEGL-2 values. The average 1-ft concentration declines
more rapidly than the 5-ft measurements. The 1-ft average maxi-
mum concentration exceeds the 1-h average exposure OEHHA



Fig. 1. Average mercury vapor concentrations at 1-ft and 5-ft from floor for three time points (15, 30 and 60 min) after breakage, and maximum peak concentrations (average
of three trials from the Maine study (Stahler et al., 2008) at 1- and 5-ft represented by bars. Acute human health benchmark values are indicated with the dashed lines.
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acute REL (1-h at 1800 ng/m3), but does not exceed the AEGL-2 1-h
value (1.7 mg/m3). However, the highest 1-h average concentration
at 1-ft was 624 ng/m3 (see Table 3), well below the OEHHA acute
REL of 1800 ng/m3. In all the trials, these maximum values rapidly
declined, with the 15 min average concentrations well below
1000 ng/m3 for both heights. Other investigators (e.g., Aucott
et al., 2003; OEHHA, 2007) also measured peak concentrations that
rapidly declined to much lower levels in a matter of seconds or
minutes.

4.2. Scenario B – Mercury emissions after clean-up with ventilation

The second scenario is a situation where a single CFL is broken
in the same size room, the debris removed, and the room venti-
lated. This scenario is meant to represent a situation where ‘‘ade-
quate’’ clean-up and ventilation measures are taken. ‘‘Adequate’’
clean-up includes: wearing rubber gloves or something similar;
placing larger pieces into a secure closed container; sweeping up
remaining pieces with a disposable broom and dustpan; using a
damp rag to pat the area to remove all remaining pieces; and plac-
ing all materials into a secure container for proper disposal. A po-
tential on-going emission from any mercury that may remain was
of interest. The results from the Maine study (Stahler et al., 2008)
are useful for this second situation as well. Stahler et al. (2008)
measured mercury emissions from a number of scenarios where
the broken CFL was cleaned-up and the room air monitored until
mercury levels fell below 300 ng/m3. Stahler et al. (2008) provides
measurements of concentrations, as well as insights into concen-
trations levels after clean-up measures were taken. The results
show that the concentrations decline very rapidly as the mercury
vapor dissipates and this is supported by the experimental data
from Johnson et al. (2008), Aucott et al. (2003), and others.

The second scenario of interest to New Zealand was a situation
where a broken CFL was cleaned up and the room was ventilated to
disperse the mercury. Stahler et al. (2008) measured mercury con-
centrations from a number of situations with different flooring
types and clean-up procedures and measured mercury concentra-
tions continuously until concentrations fell below 300 ng/m3, or at
least 1-h after the initial CFL breakage. Fig. 2 displays the maxi-
mum concentration (average of three trials for each scenario)
and the average 1-h concentrations for scenarios S2 through S6
from the Maine study. These concentrations are compared with
the 1-h average exposure OEHHA acute REL (1-h at 1800 ng/m3)
and the AEGL-2 1-h value (1.7 mg/m3).

Fig. 3 illustrates the variation in mercury vapor released across
a variety CFL brands with varying wattages. For each of these sce-
narios, the same clean-up method was used as scenario S2 (wood
flooring) and only the type of lamp was varied (see Tables 7 and
8 for data).

4.3. Emissions remaining in carpeting

Measures to remove the glass and debris from a broken CFL
eliminate much of the mercury from the room, as does ventilating
the room to dissipate mercury vapor. However, with breakages of
CFLs on carpeting, the mercury cannot be completely removed just
by cleaning. The study by Johnson et al. (2008) found that remov-
ing the glass shards following a break on carpet reduced the dis-
charge of mercury by 67%. They assumed the remaining mercury
discharge after the broken bulb was removed originated from
spilled phosphor powder (Johnson et al., 2008).

Over time, the finite amount of mercury remaining would volatil-
ize and the available mercury will be continually depleted. Stahler
et al. (2008) reported that other brand lamps produced different
results.

4.4. Hazard quotients

For this screening level risk characterization, hazard quotients
were developed by dividing averaged-maximum and averaged 1-
h exposure concentrations by human health benchmark values.
Table 9 shows hazard quotients for a no clean-up scenario (sce-
nario A), using data from Table 4 and various benchmark values.
These benchmark values are those used in the earlier figures (Figs.
1–3), and were matched as closely as possible with the exposure
duration of interest.

A hazard quotient greater than 1 suggests the need to examine
exposure scenario more closely as the exposure is approaching the
‘‘safe’’ dose. For the no clean-up scenario (scenario A) all hazard quo-
tients were less than 1 (see Table 9), and some well below 1. This
demonstrates that even without clean-up or any ventilation, the
exposure to a broken CFL is not likely to pose a health risk, even if
the broken lamp was not cleaned up immediately. This is confirmed
if one calculates hazard quotients using the data from Stahler et al.



Fig. 2. Maximum and 1-h average concentrations at 1-ft and 5-ft above the floor for the Maine study (Stahler et al., 2008) scenarios 2–6 compared with the short term values
of OEHHA and the US AEGL indicated with the dashed lines.

Fig. 3. Comparison of maximum and 1-h average mercury concentrations at 1-ft and 5-ft from scenarios that tested a variety of CFL Brands and Wattages from the Maine
study (Stahler et al., 2008).
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(2008) scenarios S2 to S6. This indicates that adequate ventilation
and clean-up results in lower mercury concentrations, and like re-
sults from scenario 1, human health risk is unlikely.
Hazard quotients for various types of lamps yield similar results
all under 1, even though some lamps yield up to 9-fold higher mer-
cury releases (see Table 3).



Table 7
Comparison of individual trial data of four additional scenarios with different lamps to the results of scenario S2.

Lamp/scenario Trial 5 ft Max 5 ft 1-h Average 1 ft Max 1 ft 1-h Average

Brand A – 14w (S2) 1 745 108 10,040 199
2 765 26 9173 50
3 489 29 17,569 126

Brand B – 26w (SA) 1 1640 199 7410 185
2 9893 815 61,037 1398

Brand C – 13w (SB T2) 2 1139 155 9523 220
Brand C –13w (SE) 1 7288 527 65,094 1048

2 4206 806 25,399 738
Brand D – 14w (SC) 1 4257 424 27,224 684

2 5927 298 6164 310

All scenarios used wood flooring and the same clean-up methods. The wattages of the different brand lamps are identified in the text. Data extracted from Stahler et al.
(2008).

Table 8
Comparison of average concentrations for each of four additional scenarios with different lamps, to the results of scenario S2.

Average of brands 5 ft Max average 5 ft 1-h Average 1 ft Max average 1 ft 1-h Average

Brand A – 14w (S2) 666 54 12,261 125
Brand B – 26w (SA) 5767 507 34,224 792
Brand C – 13w (SB T2) 1139 155 9523 220
Brand C – 13w (SE) 5747 667 45,247 893
Brand D – 14w (SC) 5092 361 16,694 497

All scenarios used wood flooring and the same clean-up methods. The wattages of the different brand lamps are identified in the text. Data extracted from Stahler et al.
(2008).

Table 9
Hazard quotient for scenario A (no clean-up) based on selected benchmark concentrations.

Agency risk value Agency value (ng/m3) Avg. of 1 ft max 1 ft 1-h Avg Avg. of 5 ft max 5 ft 1-h Avg

AEGL-2 (10 min) 3100,000 <0.01 NA <0.01 NA
AEGL-2 (30 min) 2100,000 0.01 NA <0.01 NA
AEGL-2 (1-h) 1700,000 NA <0.01 NA <0.01
OEHHA Acute REL OEHHA (1-h) 1800 NA 0.2 NA 0.09

Hazard quotient = exposure estimate (or measurement)/appropriate risk value. Values greater than 1 call for additional investigation. Exposure data found in Table 4.
NA = Not applicable.
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5. Discussion

The human health toxicity benchmarks used for this screening
assessment were selected to most closely match the exposure
duration of interest. For example, even though dose response
assessment values of Agency for Toxic Substances and Disease
Registry (ATSDR, 1999), US Environmental Protection Agency (US
EPA (2008)), and World Health Organization (WHO, 1989) are
available for chronic exposure, these values were not used in this
risk characterization because other dose response assessment val-
ues of more appropriate exposure duration (acute) were available.

The results (see Figs. 1–5) for these five scenarios are remark-
ably similar, even with the use of different types of flooring and
the addition of vacuuming to the clean-up for some scenarios. Only
the averaged 1-ft maximum concentrations exceed the OEHHA
acute REL (1-h at 1800 ng/m3) and the 300 ng/m3 level that repre-
sents a ‘‘safe’’ level for a lifetime of exposure. None of the averaged
maximum or 1-h concentrations exceeded the AEGL-2 (1-h value
1.7 mg/m3) or the chronic exposure value of 300 ng/m3. The 1-h
average concentrations at either height fell below, and sometimes
far below, the OEHHA 1-h REL of 1800 ng/m3. In all of these scenar-
ios, the maximum values rapidly declined, with all but the 15 min
average concentrations below 500 ng/m3 for either height.

The Maine study demonstrated that brands and wattage can
impact the results, but the results from multiple brands are similar
to Brand A used in the first six scenarios of the Stahler et al. (2008)
study. While the averaged maximum concentrations generally
exceeded the OEHHA acute REL, the 1-h average concentrations
were all below this benchmark value. Neither the averaged maxi-
mum values, nor the 1-h average concentrations exceeded the
AEGL-2 (1-h value of 1.7 mg/m3).

Stahler et al. (2008) also utilized additional scenarios with lar-
ger wattage lamps and repeated vacuuming over a seven-day per-
iod. The results from these scenarios would be representative of
ongoing mercury emissions from carpeted floors after clean-up.
Figs. 4 and 5 show the mercury concentrations from a larger,
26 W CFL broken on a short pile carpet with no room ventilation
on the initial day of clean-up and with vacuuming 4, 5 and 6 days
after initial clean-up. For the final vacuuming (7 days after initial
clean-up), the room was ventilated. Fig. 4 shows concentrations
at the 1-ft height and Fig. 5 shows concentration at the 5-ft
height.

These Figures demonstrate that repeated vacuuming and a high-
er wattage lamp, resulted in higher concentrations, although none of
the averaged maximum or 1-h average concentrations exceeded the
AEGL-2 value for an 8-h exposure (0.33 mg/m3). However, several of
the concentrations exceeded the OEHHA Acute REL for 1-h (of
1800 ng/m3). These data demonstrate that repeated vacuuming over
several days decreases the mercury concentrations at both mea-
sured heights, but that exposures in excess of the 1-h REL are possi-
ble, and even likely. Decreases were enhanced on day 6 and day 7,
when ventilation was added to the final day of vacuuming.



Fig. 4. Mercury concentrations at 1-ft from a scenario (SL) with multiple vacuuming sessions over a 7 day period from the Maine study (Stahler et al., 2008).

Fig. 5. Mercury concentrations at 5-ft from a scenario (SL) with multiple vacuuming sessions over a 7 day period from the Maine study (Stahler et al., 2008).
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Several general areas of uncertainty are evident in this preli-
minary screening risk characterization. Specifically, since actual
test data have been used in this risk characterization, uncertainties
include:
� Mercury concentrations are higher the closer one is to the bro-
ken CFL, concentrations are not uniformly distributed in the
room, and measurements at 1-ft and 5-ft heights may underes-
timate the occasional higher concentration elsewhere;
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� The brands of CFL tested contained generally from 1 to 3 mg of
mercury, other lamps might have greater or smaller levels of
mercury;
� The tested CFLs were new lamps and likely have greater mer-

cury vapor available for immediate release versus spent lamps;
� Stahler et al. (2008) illustrated that variability exists between

trials within a scenario and between scenarios. This variability
was not so great, however, as to affect the overall results.

Stahler et al. (2008) found that breaking one lamp on wood,
short pile or shag carpet results in almost immediate high mercury
concentrations, but if a window is opened and the broken lamp
cleaned up, the concentrations fall below 300 ng/m3 in 10 min or
less (for the initial scenarios tested). It also appears that variations
in exposure levels are primarily due to wattage. Brand A was used
for the six original scenarios and it has lowest average concentra-
tions (except brand F, which is also a low wattage lamp), but other
brands with higher wattages generally resulted in greater concen-
trations at 15, 30 and 60 min. There are insufficient data on expo-
sure scenarios utilizing spent lamps. However, there are data that
show spent lamps release less mercury than new lamps, and there-
fore exposure scenarios limited to new lamps represent the worst
case exposure scenario. Spent lamps are not likely to be of greater
health risk when compared to the risk from new lamps.

Perhaps the largest uncertainty in this risk characterization,
however, is in the choice of the toxicity benchmarks used in the
development of the hazard quotients. Our choices of AEGLs of
various durations for comparison with the averaged maximum
1-ft and 5-ft exposures, and of the established 1-h average expo-
sure REL from OEHHA for comparison with the average 1-h expo-
sures are appropriate because:

� The AEGLs and California REL have been through an external
peer review process. Both sets of risk values are intended to
protect sensitive individuals, including children;
� A properly developed hazard quotient should closely match

lengths of exposures in both the exposure and benchmarks. It
is generally not appropriate to match a 1-h exposure with a
‘‘safe’’ concentration for lifetime exposure, if a shorter-term
value, which protects sensitive individuals, is available.

The California RELs are now being revised, with the possibility
that lower values may be adopted in the near future. Moreover, a
large disparity exists between the 1-h AEGL-2 of 1700,000 ng/m3

and the 1-h REL of 1800 ng/m3 (�900-fold). Additional investiga-
tion of this disparity should be considered a high priority. Finally,
alternative benchmark values might be contemplated if the existing
choices for the appropriate exposure duration of concern have irre-
solvable issues. For example, choices such as the EPA RfC, the ATSDR
Minimal Risk Level (MRL) or the WHO Tolerable Concentration (TC),
are possible, but if considered, some allowance for differences in
exposure duration would be needed.
2 For example, the room size used in the Stahler et al. (2008) was 39 m3, which is
larger than the 22.5 m3 size recommended by New Zealand. However, this approx-
imately 40% smaller room size for New Zealand will not affect the overall results, that
is, this reduction only results in an increase in the maximum hazard quotient to about
0.5, which is still less than the target no-action value of 1.

3 For example, the room temperature in the Stahler et al. (2008) study varied from
17.2 to 27.7 �C. The authors determined that correcting temperature for 23 �C (73 �F)
would not significantly affect the study conclusions. However, they also concluded
that if the study had been conducted at 90 �F (32 �C), the mercury concentrations
would have been about 2-fold higher. This increase, while likely to happen at higher
temperatures, only marginally affects the hazard quotients found in Table 7. Aucott
et al. (2003) also determined that concentration increased with temperature,
presumably because warmer room temperatures will result in faster evaporation of
mercury.
6. Conclusion

This screening assessment concludes that inorganic mercury
vapor is the mercury form of concern from CFL breakage, and that
releases of this mercury vapor vary within reasonably narrow
bounds based on age, size and manufacturer of the lamp. Investiga-
tors have studied or measured the release of mercury vapor from
CFL lamp breakage scenarios. Several of these scenarios closely
match those of interest to the government of New Zealand and
others, and these experimental concentrations were used to evalu-
ate potential human health risks. A review of the data on mercury
releases from these studies, along with health risk benchmark
values that are conservative and matching the length-of-exposure,
indicate that few situations involving breakage of CFLs will result
in releases that are at levels that may generate a health concern.
Some clean-up scenarios result in exposure estimates that exceed
some risk characterization targets and should be further studied.

Real life conditions will vary from the experimental design used
to develop these results, such as room size,2 room temperature,3

age of lamps, use intense vacuuming, and type of floor covering
(Stahler et al., 2008). However, this variability will unlikely result
in smaller hazard quotients, because the scenarios we used maxi-
mized exposures and comparisons of agency risk values were often
calculated with the average maximum hourly exposures, rather
than the average exposures.
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