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An Update

_ance Wallace

Environmental Exposureto Benzene:

..S. Environmental Protection Agency, Reston, Virginia

- - ~g the 1990s, several large-scale studies of benzene concentrations in air, food, and blood
;.= added to our knowledge of its environmental occurrence. In general, the new studies have
---:med the earlier findings of the U.S. Environmental Protection Agency Total Exposure

-::=<sment Methodology (TEAM)studies and other large-scale studies in Germany and the
==+ -lands concerning the levels of exposure and major sources. For example, the new studies

-~ - hat personal exposures exceeded indoor concentrations of benzene, which in turn
. z==3ed outdoor concentrations. The new studies of food concentrations have confirmed earlier
- =suons that food s not an important pathway for benzene exposure. The results of the
2= onal Health and Nutrition Examination Survey on blood levels in a nationwide sample of 883

c

ans are in good agreement with the concentrationsin exhaled breath measured in about 800
-z-scns a decade earlier in the TEAM studies. Major sources of exposure continue to be active
:~ = cassive sSmoking, auto exhaust, and driving or riding in automobiles. New methods in breath

:- 2 siood sampling and analysis offer opportunities to investigate short-term peak exposures and
=:.2ng body burden under almost any conceivable field conditions. — Environ Health Perspect

222 .ppl 6):1129-1136 (1996)

2. ords: benzene, exposure, indoor air, outdoor air, personal monitors, TEAM study, body

-_-zan, breath, blood

Introduction

“{uch of our knowledge of nonoccupational
wrosure to benzene was supplied through-
- 1e 1980s by the U.S. Environmental

ction Agency (U.S. EPA) Total
w sure Assessment Methodology (TEAM)
zudies of volatile organic compounds
.OCs) (I).These studies employed per-
»nal air quality monitors to measure direct

~:rsonal exposures of approximately 800

~zrsons in about eight areas in the United

wazes between 1980and 1987 (2-13).The

i ipants Were selected on a strict proba-

B sampling basis to represent about

N

3 ocaper was presented at Benzene '95:

-~ nternational Conference on the Toxicity,
= nogenesis, and Epidemiology of Benzene held

-20 June 1995 in Piscataway, New Jersey.
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800,000 persons in these areas. Measure-
ments of indoor and outdoor air, drinking
water, and exhaled breath were made to
supplement the personal air measurements.

In a pilot study (2,14), measurements were

also made in food and beverages; since few

VOCs and no benzene was detected, those

measurements were not repeated in the

main study.

The basic results of the TEAM study as
they apply to benzene may be summarized
as follows (15-20):

« Benzene was not found, or was found in
insignificant amounts, in water, food,
and beverages. More than 99% of the
total personal exposure was through air.

e Mean personal air exposures exceeded
indoor air concentrations, which in turn
exceeded outdoor air concentrations. A
global average personal exposure was
about 15 pg/m? (range 7-29 pg/m?3).
Indoor concentrations were measured
only in the 1987 TEAM studies in Los
Angeles, CA, Baltimore, MD, and
Bayonne, NJ, and appeared to be on the
order of 10 pg/m>. Outdoor concentra-
tions had a global average of 6 pg/m?
(range 3-19 pg/m3).

* No effect on personal exposure of living
close to major fixed sources of benzene

(oil refineries, storage tanks, chemical

plants) could be detected in Beaumont.

TX (2,3); Bayonne and Elizabeth, NJ

(5-8);0r Los Angeles, Antioch, and

Pittsburg, CA (9-11).

* The overwhelming source of benzene
exposure for smokers was mainstream
cigarette smoke (/5). Smokers had an
average benzene body burden about 6
to 10 times that of nonsmokers, and
received about 90% of their benzene
exposure from smoking (Figure 1).
Roughly half the total benzene expo-
sure in the United States was borne by
smokers.

« For nonsmokers, most benzene exposure
ultimately is derived from auto exhaust
or gasoline vapor emissions. This
includes most of the benzene exposure
due to outdoor air, indoor exposures
due to intrusion of evaporative gasoline
fumes from attached garages (21), and
personal activities such as driving
(Figure 2). A portion of the exposure is
due to environmental tobacco smoke
(15). A small portion (about 6%) of the
exposure is due to major point sources
of benzene, such as petrochemical
plants or refineries.

Two large-scale European studies
(22,23) confirmed the TEAM study results
for indoor and outdoor benzene concentra-
tions. The study in Germany (23)also
confirmed the effect of environmental
tobacco smoke, finding an increase of 4.5
pg/m? in homes with smokers compared to
the TEAM study finding of an increase of
3.5 pg/m?. Both results were based on
about 200 homes with smokers and 300
homes without smokers.

Recent Studies

About half-a-dozen large-scale studies of
personal or indoor air levels of benzene

Smoking

ETS
Outdoor air
Personalfindoor 3

Driving car

Figure 1. Sources of benzene exposure: smokers. A
typical smoker takes in roughly 2 mg benzene/day;
about 1.8 mg is delivered by mainstream smoke 155
pg/cigarette x 32 cigarettes per day). Source: U.S. EPA
TEAM studies.
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Qutdoor air
Personalfindoor

Driving car

ETS

Figure 2. Sources of benzene exposure: nonsmokers. A
typical nonsmoker inhales about 0.2 mg benzene/day,
assuming an average exposure of 15 pg/m? and an
alveolar respiration rate of 14 m3/day. Outdoor air con-
tributes about 40% of that amount, assuming an aver-
age outdoor level of 6 pg/m3. The remaining 9 ug/m3
are split between driving (100 min at 30~40 pg/m3),
indoor sources such as automobile vapor emissions in
attached garages or storage of gasoline or kerosene in
the garage or the basement, and environmental
tobacco-smoke exposures at home or at work. Source:
U.S. EPATEAM studies.

have been conducted since 1990. They are
briefly described below.

Persona Exposure StUcies

A 1991 study (24 )took place in 128 homes
in Woodland, California, a community in a
largely agricultural region. Personal, indoor,
and outdoor benzene concentrations were
measured using both Tenax (EnkaResearch
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Institute, Arnhem, the Netherlands) and
evacuated canister samplers. Good agree-
ment was noted becween the side-by-side
Tenax and canisters. Mean concentrations
were 5.0, 4.0, and 1.2 pg/m3 for the per-
sonal, indoor, and outdoor samples.

Day and night 12-hr average concen-
trations of benzene were measured for
58 residents of Valdez, Alaska (25) The
mean benzene Concentrations in the per-
sonal, indoor, and outdoor samples were
20, 16, and 5 pg/m3 during the summer,
and 28, 25, and 11 pg/m? during the
winter, respectively.

Personal exposures to benzene were
measured over a 3-hr period in the evening
for 49 nonsmoking females in Columbus,
Ohio (26).The median value in 25 homes
with a smoker was 4.0 pg/m® compared to
2.4 pg/m? in 24 homes without smokers.
The difference was statistically significant.

Personal exposures to benzene as mea-
sured in the TEAM studies and in the
Valdez and Woodland studies are summa-
rized in Table 1. Outdoor and indoor ben-
zene values in the TEAM, Valdez, and
Woodland studies are summarized in
Tables 2 and 3.

Indoor Air Studies

A nationwide Canadian study (27)meas-
ured 24-hr indoor air concentrations of
benzene in 754 randomly selected homes.

Table 1. Personal air concentrations {1g/m?) of benzene measured inthe TEAM, Valdez. and Woodland studies.

Benzene mean indoor concentratic =

were 6.39, 5.60, 2.72, and 6.98 pg/m" .-
the winter, spring, summer, and
seasons, respectively.

Indoor and outdoor 48-hr average cor.
centrations of benzene were measure. ;-
161 homes throughout much of Calife -
(28).The Pro-Tek charcoal badges
merly manufactured by E.l. dul =-
(Newark, DE) were used. Indoor m. ;-
concentrations were 8.3 pg/m® compare;
ro 6.1 pg/m? ourdoors.

Seventeen volunteers in Windss-.
Canada, wore 3-stage adsorbent tubes i~
pumps in three microenvironments: .-
home, at work, and during commu::rn
(29) Benzene concentrationswere 3.5 -~
and 15.7 pg/m? in these three locz ..
during summer 1991 and 2.7, 2.7, inc
15.1 pg/m? during winter 1992. Outdoc:
levels near homes were 3.8 and 2.0 ug =
during summer and winter, respectivelv. *
later study (summer 1992) considered v.:.-
ous microenvironments. Benzene lev:.
averaged 2.2 pg/m3 in homes of 36 s::..
matics, 4.6 pg/m? in 13 samples from «
rooms, 6.0 pg/m3 in 17 samples co' .::.
during commuting, 20.8 pg/m3 in 3¢ =
ples from four bingo halls, and 34.5 ng =
in two taverns.

Brown and Crump (30)reported or. .
study of 173 homes in Avon, Englaz:
Passive Tenax tubes (Perkin-Elmer)colleczz:

Household, Geom Percentile
Site estimated no. Year, season Time n Mean SE mean 25 50 90 g5t
NJ1 130,000 1981, fall Day 340 262 2 11 7 17 R 85 81 -
Night 347 29.7 5 13 7 15 32 54 73 B
NJ3 Unweighted data 1983, winter Day 47 210 2 16 9 16 26 46 62 -
Night 49 16.6 1 13 9 14 24 29 R -
GNC 130000 1982, spring Day 24 79 2 8 - 8 1 - -
Night 24 10.2 2 12 - 12 16 - - -
AP 91.000 1984, spring Day 67 85 1 7 5 6 1 17 )
Night 69 6.5 1 5 2 4 8 16 I
LA1 360,000 1984, winter Day 112 19.1 2 15 10 15 23 35 £
Night 112 16.5 1 14 11 15 21 30 kS
LA2 330,000 1984, summer Day 50 105 2 7 3 7 12 25 3
Night 50 78 1 5 2 4 9 25 28
LA3 Unweighted data 1987, winter Day 33 216 6 13 7 13 221 40 13¢
Night 32 13.6 2 10 6 12 19 22 3
LA4 Unweighted data 1987, summer Day 40 13.7 3 9 5 7 13 26 4
Night 40 71 1 5 4 5 8 16 Z
BAL 70.000 1987, spring Day 0 164 2 9 - 11 2 L/
Night 70 200 3 12 - 14 24 42 <
VAL Unweighted data 1880, summer Day 55 25.4 5 14 7 13 23 70 IS
Night 58 15.5 3 9 5 9 20 30
VAL Unweighted data 1991, winter Day 56 34.4 6 21 13 20 37 90 E
Night 58 236 4 13 7 12 26 65 o
WDL 30,000 1990, spring 24 hr 93 5.0 1 3 2 3 5 9 -

Abbreviations: n, number; SE, standard error; geom mean, geometric mean. NJ1, Bayonne-Elizabeth, NJ; NJ3, Bayonne-Elizabeth. NJ; GNC, Greensborc _' -
Antioch-Pittsburg, CA; LA1, Los Angeles. CA; LA2, Los Angeles. CA; LA3, Los Angeles, CA; LA4, Los Angeles. CA; BAL, Baltimore, MD (Dundalk); VAL, Vaidez ~*

Woodland, CA.
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1able 2. dousehold-weighted outdoor air concentrations{pg/ms3)

Households, Geom forcentile
o estimated no. Year, season Time n Mean & mean 2 5 /5 90 H Max
40,000 1981, fall Day 88 95 09 38 12 78 16 20 7 a4
Nightt 84 86 1 41 22 67 1 15 @29
Unweighteddata 1983, winter Day 8 39 08 - 2 4 54 73 - 7.3
Night § 43 a7 - 26 45 55 79 - 79
. 25,000 1984, spring Day 10 2 06 18 09 13 16 63 - 5.3
Night 1 18 03 16 14 17 1.9 32 - 3
o 120,00C 1984. winter Day 24 13 13 11 81 14 18 21 b 35
Night 24 19 19 16 1 19 % 32 =2
ol 110,000 1984, summer Day 24 42 08 32 2 3.1 48 87 2 3B
Night 23 31 04 26 17 25 44 58 57 35
sl Unweighted data 1987, winter Day 4 47 05 38 26 3.8 62 87 214
Night 46 96 1 6.7 36 7.9 15 19 275
L Unweighted data 1987, summer Day 38 34 04 28 19 26 48 66 47 12
Night 40 4 05 32 2 33 45 9 15
e Unweighted data 1990, summer Day 30 48 04 41 3 5 7 8 3 10
Night 28 5 1 36 2 5 7 10 1 14
WAL Unweighted data 1991, winter Day 29 15 34 10 7 1 18 27 73 10
Night 28 84 09 7 5 8 12 15 38
SO 10,000 1990, spring 24hr 48 12 09 11 08 1.1 14 19 - 3
3EE/EVIaUONS n, number; SE, standard error; geom mean. geometric mean. NJ1, Bayonne-Elizabeth. NJ, NJ3, Bayonne-Elizabeth, NI A P, Antioch-Pittsburg, 22 LAT Log
“rgeees, CA; LAZ, Los angeles. CA. LA3, Los Angeles, CA, LA4, Los Angeles, CA, VAL, Valdez, AK. WDL. Woodland, CA
Table 3. Indoor air concentrations{ug/m?3).
Geom Percentile
Sitg Households, no. Year, season Time Room p Mean SE mean 25 50 75 90 *= ' fax
Al Unweighteddata 1987, winter Day R 36 9.9 14 73 42 7.1 13 19 22 A4
Day Kit 38 11 26 65 37 74 12 21 mn 37
Night Kit 36 15 22 9.7 5 i 18 40 43 53
4% Unweighteddata 1987, summer  Day R 40 65 0.9 49 28 46 94 15 r 24
Day Kit 38 55 0.8 44 25 4./ 6.7 9.9 E Z
Night Kit 37 65 1.2 44 23 Al 74 13 = 4
/A Unweighted data 1990, summer  Day R 30 13 4 8.1 4 ] 14 19 & 36
Night R 30 18 52 76 4 i 2 29 o B)
AL Unweighteddata 19971, winter Day R 29 26 4.4 17 7 16 34 62 S 28
Night IR 27 24 46 14 7 16 28 74 ™2 33
~OL o 10,000 1990, spring 24 hr LR 104 4.7 11 25 1.3 2.2 51 83 - 3

Abbreviations: n, number; SE, standard error; geom mean, geometric mean; LR, living room; kit, kitchen. LA, Los Angeles, CA; VAL, Vaituz, AK; WOL, Woodland. =*

28-day samples in the living room and
main bedroom of the home for 1 year.
Tl- -teen sets of 12-month outdoor sam-
plc were also collected over the course of
the study (November 1990-February
{993). The mean indoor concentration
was 8 pg/m3 (n=3000 samples) compared
w0 an outdoor mean of 5 pg/m? (n= 125).

Ambient Concentrations

Benzene concentrations were reported for
5%, ambient air samples collected from 10
¢ 1adian cities (T Dann, unpublished
d 1) The overall mean was 4.4 pg/m3,
% h Ottawa and Montreal ranging between
51 and 7.6 pg/m3. A more recent survey
{T Dann and D Wang, unpublished data)
tound similar levels, with three rural sites
ranging from 0.6 to 1.2 pg/m3.
Twenty-four-hour average benzene
ke ¢ls have been measured every 12th day

Environmental Health Perspectives « Vol 104, Supplement 6 = December 1996

at about 20 sites throughout California
since 1986 (31).Statewide average annual
values fluctuated between 5 and 7 pg/m3
until 1993 and 1994, when they dropped
to about 4 pg/m3 (Figure 3). This decline
appears to be red and may be due to one
or more of several factors: a) the 50%
reduction in hydrocarbon emissions man-
dated for new cars; b) the Stage II vapor
recovery controls recently in effect; c) a
reduction in benzene content in gasoline
down to the 1% mandated in the 1990
Clean Air Act Amendments.

The California database also allows
analysis of seasonal variation. A clear
sinusoidal curve is apparent, with winter
values about twice summer values (Figure
4).This may be due to changes in the blend
of the gasoline toward greater volatility in
the winter or to increased likelihood of
inversions during the winter.

The mean personal, indoor, ame ourdoor
values of henzene measured in zese more
recent studies are compared in Tzole 4.

In-Vehidle SLdies
The largese study of in-vehicle »enzene
exposure continues to be the 20G-=ip study
(32) of Los Angeles commuters zzrried out
in the summer and winter seascas. - ais
study found an average benzene ==oosure of
13 ppb (40 pg/m3) for commur=-s during
rush hour, on the order of 5 times the con-
centration measured at a fixed ouzdoor s%

A small study in North Car=lina 33)
also showed in-vehicle concentrazions 3 o
8 times background ambient lev=is. A sec-
ond small study in Boston (34 —=suirec in
passenger levels 1.5 times roac=zv levels
on an interstate highway.

More recently, a study (35) - benrene
levels in two-passenger vehici=s duriag

(371
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1 typical commutes in the New Jerse-
|. York area resulted in measured ex;;(,g.‘_:.‘,\ blood/
of 9 to 12 pug/m? in suburban and turr. ¥ TEAM
g conditions, and 26 pg/m? in the 1 in:, -~ & popula
Tunnel. The author stated that rhe cor, ... . £
trations during the commutes to New.

Table

° . Percent

o City were about 10 times the an:: —
. background concentration measur. v 16th
- ; 25th
g same day in suburban New Jerse . 25t
4 : Unfortunately, none of the st.. . = ooth
measured the benzene concentration . ... | 95th
gasoline used, so it is not possible to g¢:.-. ot

. mine whether the lower concentratior: - Median
the later studies might be due to i - gMean
amounts of benzene in gasoline. pmiax

n Gasoline Spill Study

, dc.
b lOOd

1986 1087 1988 1989 1990 1991 1992 1993 1994
A study of exposure to benzen:

showering with gasoline-contan;.

Annual California benzene averages across all sites . - to dec

groundwater (36)was carried ov: . _ b om 2

Figure 3. Ambient benzene in California, annual averages across all sites 1986—1394. Annual average outdoor home in North Carolina. The grow: L —

benzene concentrations at about 20 sites in California. At each site. a 24-hr average is taken every 12 days. The ~ Water had a mea§ured benzene concer::. - A

decline in 1993to 1994 may be due to reduced emissions from automobiles. Source: California Air Resources ~ tion Of 292 ng/liter, well above che : ’S":imj
k4

Board, data from 20+ cities. EPA’s Maximum Contaminanr Lev
pg/liter. Three 20-min showers on .. - ..
utive days resulted in peak show
concentrations of 800 to 167¢

lood/
gunexp:
Znurses,

14 1986—1991 Bathroom concentrations reachc. ¥ 7"3‘?
3 - ®-/. bo
B 1991-1994 » - 500 pg/m-, and concentration, . &) he

remainder of the house peaked (0.5~ .
later) at 40 to 140 pg/m>. The inhaizt:
dose during the 20-min shouer rang:.
from 80to 100 pg. A dermal dose of 1o .
was also calculated, using measured oo
concenrrations. The combinec -

¥and Bo
$rions, a
$protein
ene, m
roug|

about 250 pg from the 20-min . . uzdfj

roughly equal to the mean ro: <= S ;;lim'

inhalation dose of about 200 . : - : frbe;f']

nonsmokers in the TEAM study .assurr. 1 .

15 pg/m? x 14 m3/day alveolar insp:zati: - 2 E’n;

Jan Feb Mar Apr May June July Aug Sept Oct Nav Dec BO dy BUI" den P.erb

. {12
California benzene monthly averages Benzene in the blood of 883 persens ... vis/B

measured (37)as part of the ™
Figure 4. California benzene monthly averages. Seasonal variation in outdoor benzene at about 20 sites in  Health and Nutrition Examinati:  ~-~ -
California. Higher values in winter may be due to seasonally varying gasoline formulations, and perhaps to (NHANES 111). These blood .
|ncre§sed frequency of atmospheric inversions. The decline in benzene concentrations over @he past few years is tions were compared with the o
consistent over all seasons. Source: California Air Resources Board, data from all (about 20) sites. - - <

centrations measured in about &t

in the TEAM studies of the 19&-

the TEAM study measurements we?~ =
Table 4. Mean benzene concentrations {pg/m?) reported in recent studies. using mixed breath, the breath vzive -

multiplied by 1017 to account te . =

Reference Location n Personal Indoor Outdoor .
Goldstei I, 1992(25) Alask 112 24 20 8 space estimated at 30% of the > E

oldstein et a aska i i : ;

1 an inhaled breath. Theoretically.

Sheldon etal , 1991 (24) Calfornia 120 50 40 L axpect that if the two populaticr .
Heavner etal , 1994 (26) Ohio 49 32 arable. the ratio of blood ro Dreat}
Brown and Crump 1996 (30) England 173 8 5 P S ) . Nd irer
Wilson etal., 1993 (28) California 161 83 6 concentrations for correspor . - s o,
Fellin and Otson. 1993 (27) Canada 154 54 centiles should remain conste: - :
Dann (unpublished data) Canada 586 4 magnitude of the blood/air paruz - - B iled
CARB 1989-1992(37) California 3000 7 ; hich severs - g
CARB 1993-1994 (37) Calfornia 1000 4  Cient for benzene, for which s ssib]c

mares ranging between 7 and 10 o -

1132 Environmental Health Perspectives » Vo! 104, Supplement 6 = December 1996




sey~New
XPosureg
tumpih

Lincoln
} concen.
IC’W Yofk
ambien
ured the

studies
31 N the
to deter-
ations in
to lower

1e while
minated
out in a
ground
mncentra-
he U. S.
evel of 5
1 consec-
Mer-stall
pg/m3,
1370 to
s in the
3.5~1 hr
thalation
. ranged
»f 160pg
d breath
dose of
hower is
al daily
g for all
issuming
iiration).

50NSs wWas
lational
n Survey
ncentra-
ath con-
} pel‘SOﬂS
)s. Since
:re made
ues were
r a dead
Jlume of
1e might
ire com-
eolar air
ng per-
t at the
n coeffi-
.ral esti-
ave been

rable 5. Breath and blood concentrations and
.=~ =reath ratios at selected percentiles from all
-z2%" study sites (n=800) and from the NHANES Il
. z7onIn=883),

Breath. Blood.  Blood/breath
ces B ng/liter ng/liter ratio
- 0.63 15 24
11 38 35
L 15.6 166 10.6
337 324 9.6
Zem 58.4 477 8.2
101 807 8.0
EVEN 5.6 61 11
sriie 131 131 10
330 1880 57

-aace. However, the actual observed ratio of
Siood to alveolar air concentrations appears
-o decrease with increasing concentrations,
~om 24 and 33 at the 16th and 25th per-
centiles through a range of 11to 8 at pro-
zressively higher percentiles (Table 5). This
s similar to the observation (38)of a
slcod/breath ratio of about 20138 for an
zneuposed population of nonsmoking
aurses, while the ratio for an occupation-
:llv exposed cohort of smokers was about
~.". Both these findings may be explained
>v the possibility suggested by Travis
and Bowers (39) that at low concentra-
nons, a saturable blood component (e.g.,
osroteins) binds a limited amount of ben-
zerne. making it unavailable for distribution
:hrsughout the body or elimination in
breath. Travis and Bowers estimated the
capacity of the blood proteins to be 90
ng liter, based on the observations of
Perbellini et al. (38).They also estimated
the plasma partition coefficient to be 9.0.
idding the NHANES/TEAM data to those
or Perbellini et al. and adjusting the
Travis/Bowers model to fit all the data, one
ar ves at a lower estimate of blood capacity
of 30 ng/liter, and a slightly lower plasma
parinion coefficientof 8 (Figure 5).

Concentrations in Food

There were reports in the 1970s of benzene
being found at ppm levels in some foods
such as eggs (40).However, in a special
studv that was part of the TEAM pilot
sady in 1980, breath measurements before
¢ d after eating eggs showed no increase in
> nzene. Also. no effect on benzene levels
i breath from eating eggs or any other
tood item could be discerned from regres-
sions on all participants in the main TEAM
studv, using the participants' responses to a
‘etailed auestionnaire on food intake. It is

ossible that minor levels of benzene in

odstuffs could still have been present and

z \
S
(%) 3 N
~at g
10 > - ® -
0 T T T —T
0 20 40 60 80 100

Alveolar air, ng/liter

Figure 5. The upper curve is a model by Travis and
Bowers (39)fitted to venous blood/alveolar air
(Cyen/Cai) ratios observed by Perbellini et al. {38). The
model assumes that some benzene is bound by pro-
teins in the blood, with a maximum capacity of 90
ng/liter. The lower curve is an adjusted model to fit
both Perbellini's observations () and the blood/breath
ratios (M} calculated from corresponding percentiles of
the NHANES blood measurements on 883 persons.and
the TEAM study breath measurements on about 800
persons. The adjusted model employs a somewhat
smaller maximum capacity of 30 ng/liter and a slightly
lower estimate of the plasma partition coefficient [8
compared to the value of 9 estimated by Travis and
Bowers (37]].

not detected in breath due to efficient
metabolization by the liver, which receives
materials from the gut directly before they
enter the blood stream. However, it was
thought that major concentrations in food
would be detectable in breath; since they
were nor, it was concluded that food and
beverages were an unimportant pathway for
benzene exposure.

Two recent studies of benzene levels in
foods have confirmed that conclusion by
finding negligible quantities in nearly all
foods measured. In one study by the U.S.
Food and Drug Administration (FDA),
more than 50 foods were analyzed for ben-
zene (41) Most of these were under 2 ng/g
ppbw (parts per billion by weight) ben-
zene. Exceptions included strawberry pre-
serves (38 ng/g), taco sauce (9 and 22 ng/g),
duck sauce (7 ng/g), and barbecue sauce (5
ng/g). The authors speculated that the
added benzoates and ascorbates in these
foods might react to form benzene; thus, if
either one or the other were removed, the
benzene might no longer be formed. In a
second study (£2), 57 foods were mea-
sured, with only shelled peanuts and fried
eggs giving positive results, each at 30
ng/g, again far below the parts per million
(ppm) levels previously reported. A recent
Canadian review of benzene exposures
(43)concluded that food and drinking
water each contributed only about 0.02
ng/kg benzene per dav compared to a total

ENVIRONMENTAL EXPOSURETO BENZENE: AN UPDATE

intake of 2.4 pg/kg per day from airborne
exposures (3.3 ug/kg/day if exposed to cig-
arette smoke). Thus, airborne exposure
accounts for 98 to 99% of total benzene
intake for Canadian nonsmokers.

Discussion

The general finding from previous studies
that personal exposures to benzene exceed
indoor air concentrations, which in turn
exceed outdoor air concentrations, has
been confirmed by the more recent studies.

Two of the three personal monitoring
studies mentioned above had somewhat
lower mean personal exposures to benzene
than had previously been reported. One
such study (24)vas in a small rural com-
munity in California, which also had a
lower mean outdoor benzene value (1.2
pg/m3) than has been previously reported.
The second study (26)included only 3-hr
exposures in the evening at home; to the
extent that all other personal exposure
studies included time spent in vehicles,
where benzene exposures have been shown
to range up to 40 pg/m3, such a study lim-
ited to the home microenvironment might
be expected to produce smaller personal
exposures. Therefore, both of these studies
would be expected to be at the low end of
benzene exposures.

On the other hand, the outdoor con-
centrations of about 5 pg/m3 in Valdez
were similar ko outdoor concentrations in
the various TEAM study sites, but the
indoor and personal concentrations (20
and 24 pg/m?3) were considerably greater
than in all TEAM study sites except for
Los Angeles in the winter. It may be specu-
lated that persons in frontier-type situa-
tions make more use of gasoline-powered
instruments such as chain saws, snow
blowers, and .snowmobilesthan persons in
urban communities. It may also be that the
requirements for warming up automobiles
for extended periods, and the larger
amounts of benzene that are found in
Alaskan and Canadian gasoline blends, led
to higher exposures from attached garages
and driving.

Considering that the TEAM Studies
showed a range of benzene exposures from
7 to 29 pg/m3 (16), the range observed
since 1990 of 3.2 to 24 pg/m> provides no
firm evidence as yet for a downward trend
in benzene exposures.

A second finding from previous studies,
chat benzene levels were increased in
homes with smokers, was also replicated.
The new study (26)found a significant
increase of 1.6 pg/m?, which is less than
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the increases of 3.5 and 45 pg/m? found
in the TEAM and West German studies
(15,23) but represents about the same per-
centage increase of 50 to 67% compared to
nonsmoking homes. The Windsor study
(29)that found increased benzene concen-
trations in bingo halls and taverns, where
smoking is prevalent, might also be viewed
as confirming the effect of smoking on
indoor benzene concentrations.

Several small studies replicated the
findings of an earlier major study in Los
Angeles that showed increased benzene
exposures while driving. The later studies
appeared to involve much smaller exposures
but also had much smaller outdoor concen-
trations, so the ratio of personal exposure to
outdoor concentration continued to be in
the neighborhood of 5 to 10. The smaller
concentrations could be due to differences
in location (Los Angeles vs North Carolina
and New Jersey—New York) but could also
reflect reductions in the amount of benzene
in the gasoline. The results of the national
fuel survey carried out by the American
Automobile Manufacturers Association
(44)indicate that the goal of 1% benzene in
gasoline set by the 1990 Clean Air Act
Amendments has been very nearly met,
with the average for premium, intermedi-
ate, and regular gasoline for the winter of
1994 to 1995 being 0.9, 0.9, and 1.1% by
volume, respectively. This is a considerable
reduction compared to the 2 to 3% levels
that were probably common during the
large California in-vehicle study. However,
it should also be noted that the amount of
benzene in the exhaust may be related only
weakly to the amount of benzene in the
gasoline. One study (45)ndicated that
exhaust benzene remained unchanged at
about 5% of total hydrocarbon emissions
whether the gasoline burned contained 1
or 3% benzene by volume.

A large number of food groups were
tested but found to contain negligible
amounts of benzene. This corroborated the
conclusions of the TEAM studies, which
found no evidence of food contributions to
body burden of participants.

Although nearly all the studies reviewed
here have been more in the nature of con-
firmatory studies rather than breaking new
ground, the study of benzene exposures
while showering in gasoline-contaminated
water presented new data of considerable
value. The 20-min exposure from this
source was the same order of magnitude as
a full day's exposure to benzene for a typical
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nonsmoker. However, a smoker (of more
than five cigarettes a day) using the same
gasoline-contaminated water would still get
most of his or her exposure through smok-
ing—an indication of the extensive expo-
sure encountered by some 43 million U.S.
citizens. Since the number of persons
affected by such spills is very small, the
effect on the national exposure budget for
benzene is also very small.

Apart from these presumably very rare
gasoline spill situations, there may be a
larger number of cases where well water is
contaminated by benzene at low concen-
trations. A number of studies have reported
finding benzene at levels on the order of
5 ng/liter (ppb) in surface and well waters.
However, these levels correspond to a daily
intake of <10 ng benzene, assuming
2 liters of water drunk daily. This amount
is only 0.36  of the average daily intake for
nonsmokers of 200 ng from air. Thus, it is
concluded that the effect of contaminated
water on total benzene intake is negligible.

It may fairly be asked whether any of
the differences observed in various studies
at different locations and times are depen-
dent on the differenr methods employed.
The TEAM studies employed Tenax-GC
with active pumping, as did the later
Woodland and Valdez studies; thus, all the
studies using personal monitors used very
similar or identical methods.

The indoor air studies in England and
Canada employed passive (diffusive) sam-
plers with extended monitoring periods.
The English investigators performed a
number of tests on the effect of extended
sampling on the net uptake of different
VOCs by the Perkin-Elmer sorbent tubes
containing Tenax-TA. They found that the
more volatile VOCs such as benzene and
toluene had net diffusive uptakes that
declined over time, probably because of
back diffusion off the tubes. For sorbent
tubes exposed to a concentration of 2500
pg/m? toluene, the diffusive uptake rate
declined to 71% of the ideal after 7 days
and 54% after 28 days. For benzene, the
net diffusive uptake was 30% after 28
days. For the less volatile compounds such
as xylenes, decane, and trimethylbenzenes,
the sampling rate stayed nearly constant
over the 28-day period. Therefore, given a
month-long sampling period, an average
uptake rare can be chosen for any given
chemical; however, for chemicals more
volatile than the xylenes, this rate will
only be an average value from a declining
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