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Airborne concentrations of benzene for dock workers at the ExxonMobil
refinery and chemical plant, Baton Rouge, Louisiana, USA (1977-2005)
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Widner TE, Gaffney SH, Panko JM, Unice KM, Burns AM, Kreider M, Marshall JR, Booher LE, Gelatt RH, Paustenbach
DJ. Airborne concentrations of benzene for dock workers at the ExxonMobil refinery and chemical plant, Baton
Rouge, Louisiana, USA (1977-2005). Scand J Work Environ Health. 2011;37(2)147-158. doi:10.5271/sjweh.3128

Objective Benzene is a natural constituent of crude oil and natural gas (0.1-3.0% by volume). Materials that
are refined from crude oil and natural gas may contain some residual benzene. Few datasets have appeared in
the peer-reviewed literature characterizing exposures to benzene at specific refineries or during specific tasks.
In this study, historical samples of airborne benzene collected from 1977-2005 at the ExxonMobil Baton Rouge,
Louisiana, USA, docks were evaluated.

Methods Workers were categorized into 11 job titles, and both non-task (<180 minutes sample duration) and
task-related (<180 minutes) benzene concentrations were assessed. Approximately 800 personal air samples (406
non-task and 397 task-related) were analyzed.

Results Non-task samples showed that concentrations varied significantly across job titles and generally
resulted from exposures during short-duration tasks such as tank sampling. The contractor — tankerman job title
had the highest average concentration [N=38, mean 1.4 parts per million (ppm), standard deviation (SD) 2.6].
Task-related samples indicated that the highest exposures were associated with the disconnection of cargo loading
hoses (N=134, mean 11 ppm, SD 32). Non-task samples for specific job categories showed that concentrations
have decreased over the past 30 years. Recognizing the potential for benzene exposure, this facility has required
workers to use respiratory protective equipment during selected tasks and activities; thus, the concentrations
measured were likely greater than those that the employee actually experienced.

Conclusions This study provides a job title- and task-focused analysis of occupational exposure to benzene
during dock facility operations that is insightful for understanding the Baton Rouge facility and others similar
to it over the past 30 years.

Key terms exposure assessment; industrial hygiene; marine transport.

Petroleum refineries have evolved since their ini- navigable rivers to take advantage of marine transport

tial operations in the mid-1800s to become complex
facilities that process crude oil and related raw mate-
rials into a wide variety of more valuable intermedi-
ate or finished petroleum products. Modern refinery
products include gasoline, fuels, gases, lubricants,
waxes, asphalt, coke, and numerous compounds used
by chemical plants for producing petrochemicals and
petroleum-based products. While some refineries
are located inland, many are located on oceans and
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of incoming crude oil, feed products, additives, and
outgoing refinery products, byproducts, and waste.
These refineries use dock facilities that are sometimes
called wharfs or jetties. This paper focuses on airborne
benzene concentrations measured at the ExxonMobil
refinery dock facilities in Baton Rouge, Louisiana,
USA. This study is part of a larger effort to understand
the historical benzene air concentrations at all domestic
ExxonMobil refineries and docks (1-4).

Sadly, Thomas Widner passed away on 19 July 2010; see In Memoriam, page 168.
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Potential exposures to benzene at refinery docks

Benzene is a natural constituent of crude oil and
natural gas, usually measuring between 0.1-3.0% by
volume (5). Some products that are refined from crude
oil and natural gas can retain small quantities of benzene
because of the nature of the processes by which they are
produced. An analysis of historical refinery worker ben-
zene exposures at the ExxonMobil Baton Rouge facility
has previously been completed for operational areas
excluding the docks (4). Potential worker exposure to
benzene can also occur during the loading and off-load-
ing of ships, tankers, and barges containing gasoline and
other benzene containing materials at refinery docks (6).

Dock workers at refineries are involved in several
tasks that can result in potential short duration exposure
to benzene, including connecting and disconnecting
loading or off-loading hoses, working in areas near tank
vents during cargo loading, gauging cargo vessel tanks,
sampling products on cargo vessels, or repairing dock
equipment that has contained cargo. Limited informa-
tion regarding the potential benzene exposure associated
with dock tasks has been reported (7-20). These papers
reported potential exposure sources at docks, includ-
ing venting of displaced vapors during material trans-
fers, spills, and clothing contamination from contact
or splashes (21). Loading cargo into barges generates
hydrocarbon vapors in the vapor space of the cargo tank;
these vapors historically have been either displaced to
the atmosphere or collected by vapor-recovery systems
installed at dock facilities. Potential exposure to these
displaced vapors may occur if workers are in close
proximity to tank vents or are near other potential vent
points, such as tank hatches. In many cases, dock work-
ers have been required to observe the liquid level in
barge tanks near the end of the loading period to prevent
tank overfill, resulting in potential worker exposure to
hydrocarbon vapors exiting the cargo hatch.

Previous reports of benzene exposure at petroleum
refineries have not fully characterized potential expo-
sures to dock workers, as these analyses have included
significant limitations, such as small sample sizes,
characterization of a limited number of jobs or tasks,
and limited presentation of data (such as providing
only ranges or means). About half of the 144 petroleum
refineries in the US have docks (22), resulting in poten-
tial benzene exposure of several thousand workers to
dock-related operations. Thus, the results of this study
might be applicable to more than 10 000 workers in the
US (cumulatively over the past 30 years).

The purpose of this paper is to characterize historical
benzene exposures for dock workers at the petroleum
refinery in Baton Rouge, Louisiana, who might have
been exposed to benzene from both refining and chemi-
cal operations. Measured benzene concentrations are
provided by job title so that they can be used in future
risk assessments or epidemiologic studies involving
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benzene. These data also provide a basis for determin-
ing potential longer term exposure to benzene for dock
workers when used in conjunction with work history
information.

The ExxonMobil Baton Rouge refinery is located
on the Mississippi River in Baton Rouge, Louisiana,
approximately 232 miles upriver from the Gulf of Mex-
ico. One of the largest heritage Exxon refineries in the
US, it is the second largest refinery in the US in terms
of throughput, with a crude oil distillation capacity of
approximately 501 000 barrels per day (22). The size of
the refinery and the presence of the adjacent chemical
plant, which utilizes the same dock facilities, are among
the unique aspects of the Baton Rouge complex in
terms of potential dock worker exposures. The refinery
receives crude oil and other feed products via pipelines,
barges, and ships. Using manufacturing processes that
have been described in detail elsewhere (4), the refin-
ery uses distillation, cracking/conversion, treating, and
blending to produce 20 million tons annually of “clean
products” (motor gasoline, heating oil, and similar prod-
ucts that require more refining than heavy fuels); 1.0
million tons of lubricants and waxes; 5.4 million tons
of coke, fuels, and related products; and 4.6 million tons
of gas oil, mixed olefins, and raffinate.

Located just north of the Baton Rouge refinery, the
chemical plant receives some of the chemicals that it
uses from barges and ships, and others from the refinery
itself. Both the refinery and the chemical plant transport
some of their products and byproducts in ships and
barges. In 2001, the chemical plant produced 1.0 million
tons of ethylene, 0.3 million tons of propylene, 0.3 mil-
lion tons of benzene (6 700 barrels per day or 281 000
gallons/day based on 42 gallons/barrel), and 1.3 million
tons of methyl ethyl ketone, isopropyl alcohol, plastics,
rubber, and related materials together.

In chemical plants that are often adjacent to refiner-
ies, benzene from refinery streams is typically produced
from catalytic reformate, pyrolysis gasoline, and toluene
dealkylation for use in producing compounds such as
ethyl benzene/styrene, cumene/phenol, cyclohexane,
nitrobenzene, maleic anhydride, and alkyl benzene,
which are used to manufacture resins, plastics, nylon,
polyester, surfactants, detergents, insecticides, food
additives, and other petroleum-based products (6).

The Baton Rouge dock facilities are located along-
side the Mississippi River’s left descending bank, west
of the refinery. The refinery docks use these facilities
to off-load crude oil and other cargo to the refinery and
chemical plant and to load cargo onto ships and barges
using four riverside berths that can accommodate ships
up to 820 feet in length, and four other berths (one riv-
erside and three inside) that can accommodate barges.
A list of cargos that have commonly been transferred at
the docks is presented in table 1.



A marine vapor recovery system was added to the
Baton Rouge docks in the late 1980s, and is used when
materials containing volatile organic compounds are
being loaded; these are primarily those identified in
table 2. Captured vapors are sent to shore, where they
are thermally destroyed by flare systems.

In addition to crude oil and refinery cargo contain-
ing small quantities of benzene, from 1960-1991,
benzene product manufactured at the chemical plant
was occasionally loaded into barges at the Baton Rouge
refinery docks. The loaded barges were typically of a
20 000-gallon capacity and loaded through a 6-inch
line at berth 4. A 1988 report indicated that the refinery
planned to discontinue loading benzene onto barges
after 1991. Up to that point in time, about 50 benzene
barges were loaded per year at the refinery dock. While
these vessels were operated and inspected (including
sampling and gauging) by employees under contract
with the chemical plant, a refinery crew was respon-
sible for making on-barge and on-dock load line con-
nections and disconnections. Because these load lines
contained residual cargo, workers were potentially
exposed to benzene while disconnecting the transfer
lines following cargo loading.

Table 1. Materials commonly transferred at Baton Rouge docks.

Materials received Materials shipped out

Crude oil (often from
supertankers in the Gulf)

Fresh caustic

Motor gasoline (“mogas”)
components

Feeds to middle distillate
facilities

Fuels feedstock for fluid
catalytic crackers

Coker feed

Chemical plant feed products

(including heartcut reformate,

butadiene, butylenes)

Spent caustic

Motor gasoline products

Middle distillate (kerosene, jet fuel,
diesel, heating oil)

Aviation fuels

Lubricant oil and grease products

Finished wax products

Chemical plant products (including
benzene, isopropyl alcohol, methyl
ethyl ketone, methyl tertiary butyl
ether toluene, polymer feeds)

Table 2. Chemicals for which a marine vapor recovery system
has been used during material transfers (late 1980s to present).

Motor gasolines (“mogas”)
99.9% isopropyl alcohol
Methyl ethyl ketone

Methyl tertiary butyl ether
Aviation gasolines

Mixed gas oil

Toluene

Steam cracked naphtha
Mixed xylenes

Raffinate

Low octane naphtha

Reformer feed - heavy

Reformer feed - light

Heavy catalytically cracked naphtha
Low severity reformate

Alkylate

Heartcut reformate

Pyrolysis gasoline

Light catalytically cracked naphtha
Natural gasoline

Widner et al

A detailed summary of the ExxonMobil industrial
hygiene program for benzene and monitoring strategy
for the overall Baton Rouge Refinery is reported in
Panko et al (4). This strategy aims to identify and char-
acterize tasks or activities that may result in potential
benzene exposure. To characterize potential worker
exposure and verify engineering controls and personal
protective equipment, tasks and activities that result in
potential benzene exposure are often monitored more
frequently than tasks with little or no potential benzene
exposure. As a result of this focused monitoring strategy,
the majority of available benzene monitoring results
have been collected during tasks and activities with
higher-than-typical potential for exposure.

A minimum of five personnel are on duty at all
times for transfer operations at the Baton Rouge docks.
Associated job titles are described in table 3. Other
workers routinely work at the docks to perform equip-
ment inspection, maintenance, and repair, in addition to
various management and administrative activities. Cargo
vessel crew members typically also perform activities
onboard their vessels during cargo transfer.

Methods

Data collection

The industrial hygiene monitoring data reported in this
paper were gathered from written survey reports and
from three electronic databases used by ExxonMobil from
1977-2005: the Personal Computer Industrial Hygiene
System (PC-IHS, 1977-1998), Medgate (1999-2003),
and the Exposure Assessment Strategy and Database
Application (EAS, 2004-2005). The accuracy of the
information contained in all three databases was verified
through an independent review of the corresponding

Table 3. Job titles and tasks evaluated for dock workers.

Job title Task
Dock connecting crew

Connect cargo hoses
Disconnect cargo hoses

Gauge cargo vessel tanks
Sample product on cargo vessel

Dock assistant operator Load sulfidic caustic barge

Inspect cargo hose disconnection
Pipefitter/welder Repair undrained equipment
Instrument technician Repair undrained equipment

Contractor — gauging/inspection  Gauge cargo vessel tanks

Contractor — tankerman Gauge cargo vessel tanks
Load benzene or gasoline barge

Load sulfidic caustic barge

Scand J Work Environ Health 2011, vol 37,n0 2 149
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paper records associated with 25% of the air sample
results. The results were then compared to an acceptable
error rate, determined a priori, of <5% critical errors. An
error was considered critical if it involved the sample
result (concentration, lab result, units, qualifier). All other
errors, including typographical errors, were considered
non-critical, given that they would not lead to miscal-
culating the airborne concentration. Where possible,
transcription errors were corrected by the authors prior to
data analysis. Overall, based on the fact that there were
<0.5% critical errors and 2.6% non-critical errors in the
database, it was concluded that the database accurately
reflected the original documentation.

ExxonMobil industrial hygienists conducted air sam-
pling for benzene at the Baton Rouge refinery and dock
facilities according to standard operating procedures
involving using either 150 mg charcoal sorbent tubes or
passive organic vapor badges. Samples were analyzed
according to National Institute of Occupational Safety
& Health (NIOSH), Occupational Safety and Health
Administration (OSHA), or other methods consistent
with internal standard operating procedures.

Job/task descriptions. Potential worker exposures to
benzene-containing materials during refinery operations
have been reported elsewhere (4). This paper focuses
on tasks and activities resulting in potential benzene
exposure during refinery dock operations, including the
tasks and activities listed in table 3. Job titles for work-
ers who typically performed monitored tasks included
dock connecting crew, dock assistant operator, dock
controller, pipefitter/welder, electrician, instrument tech-
nician, machinist, maintenance, contractor — tankerman,
contractor — pipefitter, and contractor — gauging/inspec-
tion. Potential benzene exposures associated with the
specific tasks performed by these workers are reported
in this paper, including: connect cargo hoses, disconnect
cargo hoses, gauge cargo vessel tanks, sample product
on cargo vessel, load sulfidic caustic barge, inspect
cargo hose disconnection, repair undrained equipment,
and load benzene or gasoline barge.

Personal protection. The industrial hygiene air samples
evaluated in this study represent measurements of ben-
zene concentrations in air, without any adjustment for
protective equipment or precautions that might have
been taken by the worker. A review of current and his-
torical practices indicates that respiratory protection is
routinely worn by the dock workers while performing
specific tasks.

The potential for dermal benzene exposure may exist
for anyone working with an open benzene-containing
process stream. A review of the current and historical
refinery benzene and high boiling aromatic oils (HBAO)
programs and dock operating procedures was performed
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to determine whether specific benzene-related jobs or
tasks offered the opportunity for dermal exposure to
benzene, and whether personal protective equipment
was recommended for these tasks. Based on this review,
dock workers have been required to wear protective
clothing, including chemical resistant gloves, to pre-
vent dermal exposure when there is a potential for skin
contact with benzene-containing product streams. In
addition, conversations with refinery industrial hygien-
ists confirm that they could not recall instances in
which more than incidental dermal exposure historically
occurred. Furthermore, electronic industrial hygiene
records indicate that >95% of the dock tasks and jobs
monitored for benzene exposure did not involve dermal
contact. Because it was judged to be de minimis, poten-
tial dermal exposure to benzene was not further evalu-
ated in this study. In the era since OSHA’s formation in
1971, the contribution of dermal absorption to the total
dose (compared with the inhalation dose), is generally
known to be rather small (23, 24).

Data analysis

Air samples associated with work at the Baton Rouge
docks were organized by job title and task description.
Air samples were also classified by sampling duration
(ie, <180 and 2180 minutes) and type of sample (ie, per-
sonal and area). Samples <180 minutes in duration were
considered task-related samples representative of peak
or task-specific exposures, unless the industrial hygien-
ist noted that routine work was performed. Samples
of durations >180 minutes were considered non-task
samples, as they most likely characterized more than one
task performed by a worker as part of routine job duties,
or were not specific to a single task. These could also
be classified as classic “personal” samples that represent
the typical time-weighted average (TWA) exposures of
workers. Some samples were also classified as non-task
samples when the sample collection time could not be
determined.

Results for samples for which the laboratory result
was below the analytical limit of detection were incor-
porated into the statistical analysis using the statisti-
cal software package ProUCL 4.0 (US Environmental
Protection Agency, Washington, DC, USA) lognormal
regression on order statistics (ROS) model. The ROS
method was developed by Helsel & Cohn (25) and is the
method that Hewett (26) refers to as the robust multiple
censoring point log probit regression method, one of
the censored data methods used in the IH DataAnalyst
(IHDA) program. The ROS method was used because
it is fairly robust even when the percentage of data
below detection is fairly high (50-70%), and even with
moderate deviations from the distribution assumptions
(27-31). The benzene concentration data were tested



for distribution fit using the Kolmogorov-Smirnov
goodness-of-fit test for normal, lognormal, and gamma
distributions. The data were found to fit none of these
distributions (P<0.05) at a 95% confidence level. How-
ever, they were found to be approximately lognormally
distributed based on probability plots. The natural log
transformed sample results, including non-detect values
estimated by the ROS model, were therefore used for
non-task and task-related sample trend analyses. Sum-
mary statistics were calculated for the final job title
categories and task bins.

Personal air samples were also classified by employ-
ment status (employee or contractor) to examine whether
that was an important factor in potential exposure.
Where possible, results were also classified by loading
berth to support comparison of concentrations for berth
4 (which was most often used for loading gasoline and
chemical plant benzene cargo) to concentrations at the
other berths. To determine if there were trends over time
by job title or task, pair-wise comparisons were made to
identify statistical differences between samples collected
from 1977-1989 and those collected from 1990-2005.
The year 1990 was used as the cut-off point because
regulations intended to reduce worker exposures and
emissions from petroleum refineries were largely in
place by 1990 (32, 33), and the vapor recovery system,
which would be expected to reduce employee exposure
to benzene at the docks, was installed in the late 1980s.

Results

A total of 879 airborne benzene sampling results rel-
evant to refinery dock workers were included in this
analysis (4). Figure 1 presents a data breakdown of the
benzene air samples taken at the docks. Of the dock
worker samples, 75 were area samples and one was a
source sample. These samples were not associated with
any specific job titles or tasks, and were judged not to be
representative of typical exposures of any dock facility
employees, who routinely move between various areas
while performing the tasks that have been characterized.
As such, the area and source results were not considered
further in this analysis. In total, there were 406 non-task
samples and 397 task-related samples relevant to dock
worker exposures available for analysis.

Limits of detection for non-task samples of airborne
benzene taken at the docks ranged from 0.006—0.10 parts
per million (ppm), with a median value of 0.020 ppm,
geometric mean of 0.021 ppm, and geometric standard
deviation of 1.8. Limits of detection for task-related
samples taken at the docks ranged from 0.009-2.0 ppm,
with a median value of 0.43 ppm, geometric mean of
0.37 ppm, and geometric standard deviation of 2.8.

Widner et al

Non-task exposure estimates

Non-task airborne benzene concentrations are presented
in table 4 and supplemental table A, which can be found
in the Appendix at http://www.sjweh.fi/data_reposi-
tory.php. The arithmetic mean of non-task samples was
0.28 ppm. The results from non-task samples were less
than the analytical limit of detection (approximately 0.1
ppm for most samples) in 55% of the samples, resulting
in a benzene detection frequency of 45%. Non-task air
sampling data were available for 11 job titles, including
3 contractor jobs and 8 ExxonMobil jobs. Of these job
titles, 7 had <10 samples, and were primarily associated
with trade professionals (craftsmen) and maintenance per-
sonnel not solely assigned to the docks. As such, the ben-
zene concentrations associated with these job titles while
performing work at the docks are not fully characterized
in this paper. For dock workers, all job titles except dock
controller had a sufficient number of samples, from which
non-task benzene concentrations could be characterized.

The contractor — tankerman job title was associated
with the highest mean measured benzene concentration
(1.4 ppm), with 36 of 38 samples (95%) having detect-
able airborne benzene concentrations, likely a reflection
of the historical practice of the tankerman looking into
an open cargo hatch while the tank was being filled to
ensure the tank was not overfilled. The next highest
overall mean of measured concentrations (0.30 ppm)
was associated with the dock connecting crew job title.
Forty-four percent of the non-task personal benzene air
samples collected at the docks were associated with the
dock connecting crew, reflecting the refinery’s sustained
efforts to characterize and control this potential source
of worker exposure. Of the 179 non-task samples for the
dock connecting crew, 102 (57%) reported concentra-
tions above the benzene limits of detection. The highest
measured air concentration for the dock connecting
crew was 15 ppm, reported in a 200-minute sample
collected in 1991. This result significantly skewed the
mean value, as evidenced by the median value of 0.021
ppm. The sampling record confirmed that this sample
was collected during a shift where unleaded gasoline
barges were being loaded and product levels were being
checked every 15 minutes. Only seven of the dock con-
necting crew samples exceeded 1 ppm. The lowest mean
airborne concentration of 0.037 ppm was associated
with the dock assistant operator and pipefitter/welder
job titles. The samples associated with these job titles
had detection frequencies of 27% and 23%, respectively.

Current and historical ExxonMobil respiratory pro-
tection standards were reviewed to identify those jobs
and tasks that required respiratory protection over time.
These standards included requirements applicable to
dock workers. Examples of these requirements as of
2005 are presented in table 5. Three major types of

Scand J Work Environ Health 2011, vol 37, n0 2 191
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Total Records

in Database
N=7210

Excluded samples*

*Includes samples coded or commented
by industrial hygienist as void, not

representative, or rejected.

N= (42; 0.6%)

y

Other Records
Duplicate entry (N=21; 0.3%)
Sample blank (N=10; 0.1%)
Sample not benzene (N=21; 0.3%)
Incomplete concentration data (N=90; 1.2%)

Refinery and
Docks Samples
N=6168 (86%)

Unknown/Source/
Other
N=7 (0.1%)

Area
N=1049
(14.5%)

Miscellaneous Samples

FEDS (N=240; 3.3%)
Instantaneous or grab (N=144; 2.0%)
Emergency response (N=474; 6.6%)

Refinery
N=5289 (73%)

Area

N=75 (1.0%)

Personal
(<3 Hour TWA)
N=830 (11.5%)

Personal
(3-12 Hour TWA)
N=3403 (47.2%)

Docks

N=879 (12%)

Unknown/Source/
Other
N=1 (0.0%)

Figure 1. Data breakdown (1977-

Personal
(<3 Hour TWA)
N=397 (5.5%)

2005). For this analysis, only those
personal samples associated with
the dock facilities were considered.

Personal
(3-12 Hour TWA)
N=406 (5.6%)

[TWA=time-weighted average;
FEDS=Fugitive Emissions Detection
Program.]

Table 4. Summary statistics for the non-task dataset by job category. [SD=standard deviation; NC=not calculated because more than

50% of the samples were below the limit of detection.]

Job title N Detection Benzene concentration Sample duration
frequency (%) (part per million) (minutes)
Geometric Geometric Minimum ~ Maximum 25t 75t
mean SD detected detected percentile  percentile
Dock-specific employees
Dock connecting crew 179 57 0.023 11 0.010 15 535 664
Dock assistant operator 123 27 NC NC 0.010 1.3 510 720
Dock controller 3 0 NC NC NC NC 705 720
Other employees working at docks
Pipefitter/welder 40 23 NC NC 0.020 0.67 480 520
Electrician 6 0 NC NC NC NC 460 500
Instrument technician 3 33 NC NC 0.018 0.018 47 487
Machinist 2 0 NC NC NC NC 500 543
Maintenance 1 0 NC - NC NC - -
Contract workers
Contractor — tankerman 38 95 0.25 8.8 0.010 9.8 326 463
Contractor — pipefitter 7 0 NC NC NC NC 523 558
Contractor — gauging/inspection 4 75 0.0086 7.8 0.0060 0.070 319 716
Summary
Dock employees 305 44 NC NC 0.010 15 524 718
Other employees 52 19 NC NC 0.018 0.67 480 515
Contract workers 49 80 0.1 13 0.0060 9.8 329 550
All non-task samples 406 45 NC NC 0.0060 15 480 661

respiratory protection were typically worn by workers
to protect against benzene exposure: half-face organic
vapor respirators, full-face organic vapor respirators,
and a self-contained breathing apparatus.

Contract workers were associated with only 12% of
samples, but had higher detection frequencies and mean
airborne benzene concentrations than ExxonMobil employ-
ees (table 4, supplemental table A). Detection frequencies
were 44% for dock employees, 19% for employees not
exclusively working on the docks, and 80% for contractors
working at the docks. Mean airborne benzene concentra-
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tions were 0.19 ppm, 0.030 ppm, and 1.1 ppm, respectively.
This observation is underscored by the fact that the major-
ity of these contractor samples (9% of the total non-task
samples) were associated with the contractor — tankermen
job, and had higher detection frequencies and significantly
greater airborne benzene concentrations (P<0.0002) than
ExxonMobil employees and other contract workers (table
4, supplemental table A). Detection frequencies were 95%
for contractor — tankermen, and 27% for other contrac-
tors working at the docks, while mean airborne benzene
concentrations were 1.4 ppm and 0.015 ppm, respectively.
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Table 5. Protective equipment and work practice requirements for operations with specific products at the Baton Rouge docks (circa

2000 to present). [SCBA=self-contained breathing apparatus.]

Product Task/situation Respirator type

Work practice

Hose connect
or disconnect

All products

Heartcut reformate, pyroly-  Gauging
sis gas/ resin oil, benzene or sampling
hydrofiner feed/ product

Automobile gasoline Sampling

Sulfidic spent caustic Onboard barge

while loading

Aviation gasoline Sampling

Half-face respirator (organic vapor cartridge)

Full-face respirator (organic vapor cartridge)

Full-face respirator (organic vapor cartridge)

Half-face respirator (organic vapor cartridge)

Half-face respirator (organic vapor cartridge)

Required within 10 feet of:

e blanking or unblanking of cargo hoses before
or after transfer operations

« handling of unblanked cargo hoses

 unblanked riser or presentation flange

» connecting or disconnecting cargo hoses

Wear when gauging or sampling

Wear when sampling

Wear while loading
If within 2 feet of hatch, SCBA is required
Wear when sampling

Measured airborne benzene concentrations for dock
connecting-crew personnel were higher at berth 4, where
gasoline and benzene barges were most often loaded, than
atberths 1,2, 3, and 5 (table 6 and supplemental table B).
The mean measured air concentration for the dock con-
necting crew while working at berth 4 was 0.71 ppm ver-
sus the mean value (0.019 ppm) of samples from berths 1,
2,3, and 5. The mean of measured concentrations for the
contractor — tankerman at berths 1, 2, 3, and 5 combined
(N=8) was 0.12 ppm versus the 9.8 ppm measured air
concentration in one sample from berth 4. However, mean
airborne benzene concentrations for the dock assistant
operator job title were lower for berth 4 (0.026 ppm) than
for berths 1, 2, 3, and 5 (0.047 ppm).

A statistically significant decrease in measured air-
borne concentrations was observed for the dock con-
necting crew and dock assistant operator job titles for
19902005 compared to 1977-1989 (figure 2). The most
likely cause of this decrease is the addition of the vapor
recovery system in the late 1980s. A similar decrease
was not apparent between those periods for the contrac-
tor — tankerman job title.

Task exposure estimates

Results of the task-related personal air sampling are
shown in table 7 and supplemental table C. As previ-
ously reported, in this study personal samples with
durations of <180 minutes were considered task-related.
Of the 397 task samples, 54 did not include descrip-
tions that the authors could use to characterize specific
dock-related tasks. Therefore, 343 task-related samples
were available for this analysis. These data were used
to characterize potential exposures during Baton Rouge
dock tasks typically performed by two contractor job
titles (gauging/inspection and tankerman) and four

ExxonMobil job titles (dock connecting crew, dock
assistant operator, instrument technician, and pipefitter/
welder). Only 5 of these tasks had >10 personal task-
related samples available for analysis: (i) disconnect
cargo hoses, (ii) connect cargo hoses, (iii) gauge cargo
vessel tanks, (iv) sample product on cargo vessel, and
(v) repair undrained equipment.

The task that was sampled the most frequently
(N=134) was the “disconnect cargo hoses” task, which
had a mean concentration of 11 ppm. The maximum
task-based concentration of 179 ppm was also associ-
ated with this task. The overall highest mean airborne
benzene concentration, however, was associated with the
“load benzene or gasoline barge” task (71 ppm). There
were only three samples collected during this activity,
though, and the mean is likely significantly skewed by
the maximum detected value of 130 ppm. The lowest
mean benzene concentration calculated for task-related
samples with >10 samples (0.56 ppm) was associated
with the “connect cargo hoses” task.

Mean airborne concentrations associated with the
“disconnect cargo hoses” task collected in 1990-2005
were statistically significantly lower than mean concen-
trations found in samples collected in 1976-1989 (figure
3). The most likely cause of this decrease is the addition
of the vapor recovery system in the late 1980s. A signifi-
cant decrease in measured benzene concentrations was
not observed between the pre-1990 data and the more
recent data for the “connect cargo hoses” task, likely
because it involved handling of hoses containing little
or no residual product compared to hoses disconnected
after cargo transfers. While the measured benzene con-
centrations for the “gauge cargo vessel tanks” task
appears to have decreased significantly from 19761989
to 1990-2005, <10 samples from before 1990 were
available for analysis, making the comparison uncertain.
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Table 6. Summary statistics for the non-task dataset, by job category, for samples for which loading berth was reported. [SD=standard
deviation; NC=not calculated because more than 50% of the samples were below the limit of detection].

Job title N Detection Benzene concentration
frequency (parts per million)
%
(%) Geometric Geometric Minimum Maximum
mean SD detected detected
Berth 4 — gasoline/benzene barge loading
Dock connecting crew 28 71 0.045 16 0.010 6.3
Dock assistant operator 15 27 NC NC 0.010 0.14
Contractor — tankerman 1 100 9.8 - 9.8 9.8
Berths 1, 2, 3, and 5
Dock connecting crew 19 32 NC NC 0.018 0.10
Dock assistant operator 76 26 0.0056 9.1 0.010 1.3
Dock controller 1 0 NC - NC NC
Contractor — tankerman 8 75 0.048 48 0.014 0.36
100 ¢
O 95" percentile (1977-1989)
B g5t percentile (1990-2005)
01 ® Arithmetic mean
z
2 o °
S oilel M
£ .
5 ° -
30,1 |
g ° ]
S °
[-=)
001+ ° Figure 2. Distribution of
non-task benzene air con-
centrations by job title and
time period. @ Sample size
0,001 : : : : : e | | | | <10; b Statistically different
Dock connecting crew ° Dock assistant operator ” Pipefitter/welder Contractor — tankerman by time period (P<0.05)

Table 7. Summary statistics for the task-related dataset, including task and job category. [SD=standard deviation; NC=not calculated
because more than 50% of the samples were below the limit of detection].

Task Jobs N Detection Benzene concentration Sample duration
frequency (parts per million) (minutes)
0,
(%) Geometric Geometric Minimum Maximum 25t 75t
mean SD detected  detected percentile percentile
Disconnect cargo hoses Dock connecting crew 134 64 0.66 14 0.010 179 10 20
Connect cargo hoses Dock connecting crew 87 38 NC NC 0.10 14 15 25
Gauge cargo vessel tanks Contractor — gauging; 65 29 NC NC 0.080 99 10 20
Contractor — tankerman;
Dock connecting crew
Sample product on cargo vessel  Dock connecting crew 34 9N 0.73 10 0.010 119 14 47
Repair undrained equipment Pipefitter/welder 15 67 0.23 20 0.15 23 16 63
Instrument technician
Load benzene/gasoline barge Contractor — tankerman 3 100 22 14 1.0 130 15 124
Load sulfidic caustic barge Contractor — tankerman 4 25 NC NC 0.36 0.36 15 120
Dock assistant operator
Inspect cargo hose disconnection Dock assistant operator 1 100 8.7 - 8.7 8.7 - -
All task samples 2 343 54 0.32 12 0.010 179 12 30

2 Does not include 54 samples for which a task could not be assigned.
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Discussion

This paper presents historical industrial hygiene monitor-
ing data representative of potential benzene exposure to
Baton Rouge Refinery dock workers from 1977-2005.
Prior to this study, no extensive analysis of historical
industrial hygiene data for refinery dock workers had
been performed, and, in particular, none had focused on
the airborne concentrations in the workplace at specific
refineries or for specific tasks. The previously published
dock worker analyses (7-18, 20) addressed short study
periods, small sample sizes, and lacked analyses that
associated measurement results with the job titles and key
tasks performed at the dock facilities.

The analysis by task bin is unique to this study, as
other dock worker studies have focused primarily on
long-term exposure estimates. Although using task-based
exposure levels in epidemiology has its limitations (34),
Verma et al (35) summarized data from several studies
evaluating benzene exposure to employees in petroleum
industries and explicitly recommended moving towards
task-based exposure assessments as opposed to long-term
time-weighted average estimates for the petroleum indus-
try. This study addresses Verma et al’s recommendation
by providing a detailed task-level analysis of benzene
air concentrations at the Baton Rouge docks. Task-based
exposure distributions based on >10 samples are provided
for five key tasks, including cargo hose disconnection,
gauging, and sampling. Notable differences in exposures
from hose connection and disconnection tasks are dis-
cernible in the results. Unique data regarding the types

Widner et al

of product loaded (ie, gasoline/benzene versus other
petroleum products) as a determinant of exposure are
provided in table 6 and supplemental tables B and C.
The results of this study, used in conjunction with work
history information, provide a robust basis for determin-
ing exposures for dock workers.

Table 8 presents summaries of benzene personal air
sampling results from 1977-2005 for the Baton Rouge
Refinery (all areas other than the docks) and the associ-
ated dock facilities. When comparing these datasets, it
is important to keep in mind that the refinery sampling
program aggregates results from many operational units,
some of which yielded mean benzene concentrations
lower than samples from the docks, and some of which
yielded higher mean concentrations. Sampling at the
dock facilities was driven more by tasks of relatively
short duration, likely resulting in more variable levels
of potential exposure. Non-task samples indicate that
mean airborne benzene concentrations associated with
the dock workers were >2.5-times the mean benzene
concentration associated with refinery workers (0.28
ppm versus 0.10 ppm), but the median concentrations
were identical (0.01 ppm). Task-related samples col-
lected from dock workers were associated with both
higher mean and median benzene concentrations than
those collected from refinery workers (means 6.6 versus
0.25 ppm and medians 0.26 ppm versus 0.02 ppm).

Results of sampling for airborne benzene in other
published studies of exposures from marine handling
of petroleum products and petrochemicals are presented
in figure 4 and supplemental table D.1. Publications
yielded 14 studies in Europe, the US, and Japan that

Figure 3. Distribution of
benzene air concentra-
tions by task and time
period.2 Sample size<10;

1000
1 O g5t percentile (1977-1989)
95" percentile (1990-2005)
— a ® Arithmetic mean
100
B —
= °
Z o B B
2 10z °
2 1 °
= [ ]
=
= — —
H —
- 17
S b
] . ° .
® a
o S
= a
8 — °
@ ot
@ [ ]
=
D
-]
0,01 -
0,001 + + + + + + + + + + i
Connect Disconnect cargo Repair undrained Gauge cargo Sample product on
cargo hoses hoses ” equipment vessel tanks cargo vessel

b Statistically different by
time period (P<0.05)
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included 210 samples (8, 9, 11-20, 36, 37). Figure 4
shows the mean benzene concentrations for each dataset
identified from these studies that used averaging times
of 23 hours, along with maximum detected values when
reported. More details regarding these and other relevant
studies from the literature (10, 38—43) are presented in
supplemental tables D.1 and D.2, including details
regarding ongoing activities during the sampling cam-
paigns, such as whether loading systems were closed
(that is, vapor recovery was operational) or open (no
vapor recovery), and other statistical parameters that
were reported in some cases (such as geometric mean
and median concentrations, arithmetic and geometric
standard deviations, and ranges of results).

To facilitate comparison, figure 4 also shows the mean
and maximum non-task airborne benzene concentrations
for Baton Rouge dock workers from this study based
on samples collected before 1990 (0.28 and 6.3 ppm,
respectively) and for samples collected during 1990 and
later years (0.15 and 15.3 ppm, respectively). The mean
airborne benzene concentration for dock workers from

this study based on non-task samples (0.28 ppm) lies
within the range of means from the published studies, and
below 82% of the mean concentrations reported from the
studies depicted in figure 4, despite the fact that the Baton
Rouge data set was targeted to over-represent benzene
handling activities as discussed elsewhere (4). The mean
airborne benzene concentration for dock workers from
this study based on task-related samples (6.6 ppm) also
lies within the range of means from the published studies,
and below 29% of the mean concentrations reported for
datasets included in supplemental table D.2.

This study characterizes potential benzene expo-
sure for dock workers at the ExxonMobil facilities in
Baton Rouge, Louisiana while loading and off-loading
benzene-containing cargo from both the refinery and
the chemical plant. This characterization will be useful
for future dock worker exposure assessments, including
epidemiology studies involving benzene. However, it
is important to keep in mind that — although within the
industrial hygiene program for the Baton Rouge com-
plex — the docks were, in effect, an area of emphasis

Table 8. Detection frequencies and summary statistics for the non-task and task-related datasets from the Baton Rouge refinery and

docks (1977-2005).

Dataset N Detection Sample result (parts per million)
frequency (%)
Arithmetic mean 95t percentile Maximum detected
Non-task Refinery 3403 43 0.095 0.30 24
Dock 406 45 0.28 0.94 15
Task Refinery 830 28 0.25 1.0 21
Dock 343 54 6.6 26 179
100
- - ® mean = maximum
. ) -
10+=|=|=|= -
) ° _
] . o o | " -
~§ . - - Figure 4. Arithmetic means and
§ * . - maximum detected values of air-
g o . _ - borne benzene concentrations from
] . . published studies of marine petro-
s . ° . "o leum handling facilities and from this
4] [ ] N
P . . study. Studies from Supplemental
2 oo . table D.1 that included =10 samples
< o1 o are included here. Pre-1990: values
based on dock connecting crew and
dock assistant operator samples
E) E (1977-1989). Post-1990: values
2 Z based on dock connecting crew, dock
= = .
0.01 assistant operator, and dock controller
I 2a 3@ 4 5 6 12 15 16 17 18 19 20 23 Pre 27 28 31 32 34 35 36 37 Post samples (1990-2005).
1990 1990 .
aMaximum values stated as >10 parts
Row Numbers from Supplemental Table 4 Part A o
per million.
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for measurements of airborne benzene; sampling at
the docks may have been more likely to occur when
products containing benzene were being transferred.
When considering these data for exposure reconstruc-
tion, then, it is especially important to bear in mind the
nature of the samples analyzed in this dataset, which
were primarily collected using a targeted strategy. As
such, these data are likely to represent the upper tail
of benzene air concentrations at the docks, rather than
typical exposures. This study also demonstrates that
task-related air concentrations are the primary source of
potential exposure for refinery dock workers.

Despite the advantages that this study (which utilizes
measurements spanning from 1977-2005) offers over
existing studies of dock workers exposed to benzene,
samples were not collected during each of those years for
every job title or task. As a result, interpolation would be
necessary to determine exposures during years for which
no data was collected. While some samples were not well
documented, considerable review of sample datasheets
and consultation with ExxonMobil industrial hygienists
and plant personnel helped to categorize relevant results.

Even with these limitations, though, this study pro-
vides an analysis of a very large dataset of benzene air
concentrations at refinery docks, and characterizes a
variety of job titles and tasks. Furthermore, an exhaus-
tive independent review of the data was conducted to
ensure data quality and accuracy with respect to origi-
nal documentation. No other studies in the published
literature to date have ensured this level of data quality
and accuracy for such a large body of data. Based on a
review of the literature, this study, then, appears to be
the most robust analysis of the historical benzene expo-
sure of this class of workers in the era since OSHA’s
formation in 1971.

Acknowledgements

The authors thank Paul Scott of ChemRisk for his assis-
tance with the statistical analysis and Annabelle Javier
for her assistance in assembling and organizing the
electronic data. This work was funded by ExxonMobil,
a firm that has been involved in the study of benzene
for several decades. JR Marshall, LE Booher and RH
Gelatt are employed at ExxonMobil as IH Manager of
Upstream Projects and New Operations Support, Human
Factors Technology Center of Excellence Manager, and
Division Manager, Occupational and Public Health
ExxonMobil Biomedical Sciences, respectively. At least
two of the authors have served, or are likely to serve,
as expert witnesses for ExxonMobil on matters relating
to industrial hygiene, exposure assessment, risk assess-
ment, or toxicological issues related to benzene.

Widner et al

References

1. Gaffney SH, Burns AM, Kreider ML, Unice KM, Widner TE,
Paustenbach DJ, et al. Occupational exposure to benzene at
the ExxonMobil refinery in Beaumont, TX (1976-2007). Int
J Hyg Environ Health. 2010;213:285-301. doi:10.1016/j.
ijheh.2010.04.004.

2. Gaffney SH, Panko JM, Unice KM, Burns AM, Kreider ML,
Gelatt RH, et al. Occupational exposure to benzene at the
ExxonMobil Refinery in Baytown, TX (1978-2006). J Expo
Sci Environ Epidemiol. 2009 Oct 28. [Epub ahead of print]
Doi: 10.1038/jes.2009.53.

3. Kreider ML, Unice KM, Panko J, Burns A, Paustenbach
DJ, Booher LE, et al. Benzene exposure in refinery workers:
ExxonMobil Joliet, Illinois, USA (1977-2006). Toxicol Ind
Health. 2010;96:671-690. doi:10.1177/0748233710378115.

4. Panko JM, Gaffney SH, Burns AM, Unice KM, Kreider
ML, Booher LE, et al. Occupational exposure to benzene at
the ExxonMobil refinery at Baton Rouge, Louisiana (1977-
2005). Journal of Occupational and Environmental Hygiene.
2009;6:517-29. doi:10.1080/15459620903044161.

5. Verma DK, des Tombe K. Measurement of benzene in the
workplace and its evolution process, Part I: Overview, history,
and past methods. Am Ind Hyg Assoc J. 1999;60:38-47.
doi:10.1080/00028899908984421.

6. Fishbein L. Benzene: uses, occurrence and exposure. In:
Fishbein L, O’Neill IK, editors. Environmental carcinogens
methods of analysis and exposure measurement. International
Agency for Research on Cancer (IARC) Scientific Publication
No 85. Lyon, France: IARC7.

7.  American Petroleum Institute. An exposure assessment for
marketing and marine distribution workers in the petroleum
industry with potential exposure to gasoline. Washington, DC:
American Petroleum Institute; 1994. Report No: 45552.

8. Armstrong TW, Pearlman ED, Schnatter AR, Bowes SM,
3rd, Murray N, Nicolich MJ. Retrospective benzene and total
hydrocarbon exposure assessment for a petroleum marketing
and distribution worker epidemiology study. Am Ind Hyg
Assoc J. 1996;57:333-43. doi:10.1080/15428119691014864.

9. Bates K, Christian F, Civai M, Claydon M, Dreetz C, Molyneux
M, et al. Review of European oil industry benzene exposure
data (1986-1992). Brussels, Belgium: Conservation of Clean
Air and Water in Europe (CONCAWE); 1994. CONCAWE
Report No 7/94.

10. Cheremisinoff PN, Morresi AC. Benzene in the environment.
In: Cheremisinoff PN, editor. Benzene, basic and hazardous
properties. New York, NY: Marcel Dekker Inc; 1979:117-60.

11. Christian F, Eyres AR. Review of European oil industry
benzene exposure data. The Hague, Netherlands: Conservation
of Clean Air and Water in Europe (CONCAWE); 1986.
CONCAW Report No 3/86.

12. Clayden MF, Ahlberg RW, Carter M, Dmytrasz BA, Fries HH,
Gennart JP, et al. A review of European gasoline exposure data
for the period 1993-1998. Brussels, Belgium: CONCAWE;
2000. CONCAWE Report No 2/00.

Scand J Work Environ Health 2011, vol 37,n0 2 197


http://www.ncbi.nlm.nih.gov/pubmed/20494616
http://www.ncbi.nlm.nih.gov/pubmed/20494616
http://www.ncbi.nlm.nih.gov/pubmed/19865071
http://www.ncbi.nlm.nih.gov/pubmed/19865071
http://www.ncbi.nlm.nih.gov/pubmed/20643709
http://www.ncbi.nlm.nih.gov/pubmed/20643709
http://www.ncbi.nlm.nih.gov/pubmed/19544135
http://www.ncbi.nlm.nih.gov/pubmed/19544135

Potential exposures to benzene at refinery docks

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

158

Coker DT, Christian F, Claydon MF, Irvine D, Portail C, Tindle
P, et al. A survey of exposures to gasoline vapour. The Hague,
Netherlands: Conservation of Clean Air and Water in Europe
(CONCAWE). 1987. CONCAWE Report No 4/87.

Davenport AC, Glynn TJ, Rhambarose H. Coast Guard
exposure to gasoline, MTBE, and benzene vapors during
inspection of tank barges. Am Ind Hyg Assoc J. 2000;61:865-72.
doi:10.1202/0002-8894(2000)061<0865: CGETGM>2.0.CO;2.

Glass DC, Adams GG, Manuell RW, Bisby JA. Retrospective
exposure assessment for benzene in the Australian petroleum
industry. Ann Occup Hyg. 2000;44:301-20.

Glass DC, Gray CN, Adams GG, Manuell RW, Bisby JA.
Validation of exposure estimation for benzene in the Australian
petroleum industry. Toxicol Ind Health. 2001;17:113-27.
doi:10.1191/0748233701th0990a.

Halder CA, Van Gorp GS, Hatoum NS, Warne TM.
Gasoline vapor exposures. Part I. Characterization of
workplace exposures. Am Ind Hyg Assoc J. 1986;47:164-72.
doi:10.1080/15298668691389522.

Lewis SJ, Bell GM, Cordingley N, Pearlman ED, Rushton
L. Retrospective estimation of exposure to benzene in a
leukaemia case-control study of petroleum marketing and
distribution workers in the United Kingdom. Occup Environ
Med. 1997;54:167-75. doi:10.1136/0em.54.3.167.

Moen BE, Hollund BE, Berntsen M, Flo R, Kyvik KR, Riise
T. Exposure of the deck crew to carcinogenic agents on oil
product tankers. Ann Occup Hyg. 1995;39:347-61.

Moen BE, Hollund BE, Berntsen M, Flo R, Kyvik KR, Riise
T. Occupational exposure of deck crews to carcinogenic
agents on crude oil tankers. Am J Ind Med. 1995;27:555-64.
doi:10.1002/ajim.4700270408.

Smith TJ, Hammond SK, Wong O. Health effects of gasoline
exposure. I. Exposure assessment for US distribution workers.
Environ Health Perspect. 1993;101 Suppl 6:13-21.

US Energy Information Administration. Ranking of US
Refineries, Operable Atmospheric Crude Oil Distillation
Capacity. 2007 (cited 3 April 2008). Available from: http://
www.eia.doe.gov/neic/rankings/refineries.htm.

Utterback DF, Rinsky RA. Benzene exposure assessment in
rubber hydrochloride workers: a critical evaluation of previous
estimates. Am J Ind Med. 1995;27:661-76. doi:10.1002/
ajim.4700270504.

Williams PR, Paustenbach DJ. Reconstruction of benzene
exposure for the Pliofilm cohort (1936-1976) using Monte
Carlo techniques. J Toxicol Environ Health A. 2003;66:677-781.
doi:10.1080/15287390306379.

Helsel D, Cohn T. Estimation of descriptive statistics for
multiply censored water quality data. Water Resour Res.
1988;24:1997-2004. doi:10.1029/WR024i012p01997.

Hewett P. User Guide for the IH DataAnalyst. Morgantown,
WYV: Exposure Assessment Solutions, Inc. 2007.

Baccarelli A, Pfeiffer R, Consonni D, Pesatori AC,
Bonzini M, Patterson DG Jr, et al. Handling of dioxin
measurement data in the presence of non-detectable values:
overview of available methods and their application in the

Scand J Work Environ Health 2011, vol 37, no 2

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Seveso chloracne study. Chemosphere. 2005;60:898-906.
doi:10.1016/j.chemosphere.2005.01.055.

Huybrechts T, Thas O, Dewulf J, Van Langenhov H. How to
estimate moments and quantiles of environmental data sets
with non-detected observations? A case study on volatile
organic compounds in marine water samples. J Chromatogr
A.2002;975:123-33. doi:10.1016/S0021-9673(02)01327-4.

Ignacio J, Bullock W. A Strategy for Assessing and Managing
Occupational Exposures. 3rd ed. Fairfax, VA: American
Industrial Hygiene Association; 2006.

Lubin JH, Colt JS, Camann D, Davis S, Cerhan JR, Severson
RK, et al. Epidemiologic evaluation of measurement data in
the presence of detection limits. Environ Health Perspect.
2004;112:1691-6. doi:10.1289/ehp.7199.

Helsel DR. More than obvious: better methods for interpreting
nondetect data. Environ Sci Technol. 2005;39:419A-23A.
doi:10.1021/es053368a.

Benzene. In: Code of Federal Regulations Title 29, Part
19101028; 1987.

National Emission Standards for Benzene in Waste Operations.
In: Code of Federal Regulations, Title 40, Part 62, Subpart FF;
1989.

Cherrie JW. Are task-based exposure levels a valuable index of
exposure for epidemiology? Ann Occup Hyg. 1996;40:715-22.

Verma DK, Johnson DM, Shaw ML, des Tombe K. Benzene
and total hydrocarbons exposures in the downstream petroleum
industries. Am Ind Hyg Assoc J. 2001;62:176-94.

Runion HE, Scott LM. Benzene exposure in the United States
1978-1983: An overview. Am J Ind Med. 1985;7:385-93.
doi:10.1002/ajim.4700070505.

Spear RC, Selvin S, Schulman J, Francis M. Benzene exposure
in the petroleum refining industry. Appl Ind Hyg. 1987;2.

Berlin M. Low level benzene exposure in Sweden: Effect on
blood elements and body burden of benzene. Am J Ind Med.
1985;7:365-73. doi:10.1002/ajim.4700070503.

Carter M, Clayden M, Giacopetti D, Money C, Pizzella G,
Margary A, et al. A survey of European gasoline exposures
for the period 1999-2001. Brussels, Belgium: Conservation
of Clean Air and Water in Europe (CONCAWE); 2002.
CONCAWE Report No 9/02.

Kawai T, Yamaoka K, Uchida Y, Ikeda M. Benzene exposure
in a Japanese petroleum refinery. Toxicol Lett. 1990;52:135-9.
doi:10.1016/0378-4274(90)90147-E.

Moen BE, Hollund BE, Berntsen M, Flo R, Kyvik KR, Riise
T. Chemical exposure of deck crew on product tankers loading
the cargo with the hatches open. Bull Inst Marit Trop Med
Gdynia. 1993/1994;44-45(1-4):65-73.

Moen BE, Riise T, Todnem K, Fossan GO. Seamen exposed to
organic solvents. A cross-sectional study with special reference
to the nervous system. Acta Neurol Scand. 1988;78:123-35.
doi:10.1111/1.1600-0404.1988.tb03633.x.

Nordlinder R, Ramnas O. Exposure to benzene at different
work places in Sweden. Ann Occup Hyg. 1987;31:345-55.
doi:10.1093/annhyg/31.3.345.

Received for publication: 20 April 2010


http://www.eia.doe.gov/neic/rankings/refineries.htm
http://www.eia.doe.gov/neic/rankings/refineries.htm

