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Abstract

The Deepwater Horizon (DWH) drilling unit explosion above the Macondo oil well on 20 April 2010 
caused the release of approximately 4.9 million barrels (779 million L) of oil into the Gulf of Mexico. 
As part of a larger spill response and clean-up effort, approximately 1.84 million gallons (6.81 mil-
lion L) of chemical dispersants COREXIT™ EC9500A and COREXIT™ EC9527A were applied to the 
resultant oil slicks through spraying on the water surface by plane and by vessel and through in-
jection at the release source near the seabed. The GuLF STUDY is investigating the health effects of 
workers involved in the oil spill response and clean-up after the DWH explosion, and estimates of 
possible exposure to chemical dispersants were needed. Exposures were estimated to the volatile 
components of COREXIT™ EC9500A [petroleum distillates, hydrotreated light, and propylene glycol 
(PG)] and of COREXIT™ EC9527A [2-butoxyethanol (2-BE) and PG] using two of AIHA IHMOD2.0© 
mathematical modeling tools along with the dispersants’ chemical and physical properties. Monte 
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Carlo simulations were used to reflect uncertainty in input parameters with both the two-box, con-
stant emission model and the near and mid field plume model for indoor and outdoor activities, re-
spectively. Possible exposure scenarios considered various evaporation rates, sizes of the dispersant 
pool, wind speeds, and ventilation rates. For the two-box model, mean near field exposure estimates 
to 2-BE ranged from 0.9 to 5.7 ppm, while mean far field estimated exposures ranged from 0.3 to 
3.5 ppm. Estimates of mean near field plume model exposures ranged from 0.01 to 3.7 ppm at 2.5 ft 
from the source, and <0.01 to 0.3 ppm at 10 ft from the source. Estimated exposures to PG were ap-
proximately 10% of the calculated 2-BE exposures and exposures to petroleum distillates about 40% 
higher than the 2-BE estimates. Results indicate that compared with current occupational exposure 
guidelines, overexposure to petroleum distillates and PG probably did not occur in our study, but 
under some conditions, for short periods, exposure to 2-BE may have exceeded the limits for peak 
exposures. These estimates were developed for use in job-exposure matrices to estimate exposures 
of workers having contact with dispersant vapors for the GuLF STUDY.

Keywords:   Deepwater Horizon; dispersants; mathematical exposure modeling; oil spill

Introduction

The Deepwater Horizon (DWH) drilling unit explosion 
above the Macondo oil well on 20 April 2010 caused the 
release of approximately 4.9 million barrels (779 million 
L) of oil into the Gulf of Mexico (Lehr et al., 2010). As 
part of a larger oil spill response and clean-up (OSRC) ef-
fort, chemical dispersants were applied to the resultant oil 
slicks through spraying on the water surface by plane and 
by vessel and also through injection at the release source 
near the seabed. Dispersants were used to break up the oil 
in or on the water by reducing the interfacial tension be-
tween crude oil and water, resulting in small droplets that 
are thought to be more easily dispersed by natural processes 
such as evaporation, dispersion, emulsification, dissol-
ution, photo-oxidation, sedimentation, and biodegradation. 
A total of 1.84 million gal (6.81 million L) of COREXIT™ 
EC9527A (9527A) and COREXIT™ EC9500A (9500A) 
was used, either sprayed by plane [214 669 gal (812 611 L) 
of 9527A, and 761 568 gal (2 882 848 L) of 9500A] and by 
vessel [96 277 gal (364 448 L) of 9500A] or injected below 
the water surface [771 272 gal (2 919 582 L) of 9500A)]. 
Workers were potentially exposed to dispersant aerosol 
when spraying dispersant or by being in the general area 
where the dispersants were being sprayed. Workers also 
may have had exposure to dispersant vapor from handling 
dispersant-related equipment or being in an area where dis-
persant had been sprayed.

The unprecedented amount of dispersants used (NOAA 
On scene coordinator report: Deepwater Horizon oil spill, 
2011) raised concerns about the potential health hazards 
associated with their use. The GuLF Long-Term Follow 
Up Study (GuLF STUDY), conducted by the National 
Institute of Environmental Health Sciences, is investigating 
possible adverse health effects among workers involved in 
the DWH OSRC. A recent investigation from that study 

found that participants’ accounts of coughing, wheezing, 
shortness of breath, tightness in the chest, and burning in 
the nose, throat, or lungs were associated with their re-
ported dispersant-related tasks (McGowan et al., 2017).

The goals of this paper are to: (i) develop dispersant 
vapor estimates for a number of scenarios, including 
some that may not be applicable to OSRC work, but 
may provide insights into expected concentrations that 
could be encountered in other scenarios associated with 
dispersant use; (ii) develop dispersant-related exposure 
estimates for the Gulf Study. All estimates were devel-
oped using varying model input parameters to address 
uncertainty in the knowledge of specific exposure 
scenarios. An accompanying paper addresses possible 
dispersant aerosol exposures (Arnold et al., 2021).

An overview of the entire exposure assessment for the 
study is presented by Stewart, Gorman Ng et al. (2021). 
The strategy for developing exposure groups for the Gulf 
Study is described in Stenzel et al. (2021). Inhalation 
exposures of workers performing other spill-related ac-
tivities to six oil-related substances (Groth, Banerjee 
et al., 2021, Groth, Huynh, et al., 2021; Huynh et al., 
2021a,b,c; Ramachandran et al., 2021) and exposures to 
other substances [i.e. PM2.5 (Pratt et al., 2021), dispersant 
aerosol (Arnold et al., 2021), and oil mist (Stewart, 
Gorman Ng et al., 2021)] are presented elsewhere. 
Estimation of dermal exposures has also been described 
(Gorman Ng et al., 2019; Stewart, Groth et al., 2021).

Background

Dispersant application
COREXIT™ EC9527A contains 2-butoxyethanol 
(2-BE) (30.0–60.0%, w/w), a proprietary organic 
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sulfonic acid salt (10.0–30.0%, w/w), and propylene 
glycol (PG) (1.0–5.0%, w/w) (COREXIT9527A, 2019). 
COREXIT™ EC9500A contains petroleum distillates, 
hydrotreated light (10.0–30.0%, w/w), PG (1.0–5.0%, 
w/w), and a proprietary organic sulfonic acid salt (10.0–
30.0%, w/w) (COREXIT9500A, 2019). Application of 
both dispersants was done neat (i.e. undiluted).

Aerial spraying was done by dedicated aerial dis-
persant planes deployed out of the Stennis Space Center 
Airport in Mississippi and the Houma-Terrebonne 
Airport in Louisiana. Dispersant was delivered to the 
airports by the dispersant supplier and off-loaded to 
field storage tanks. In some cases, the dispersant was de-
livered in totes. The airports had staging locations where 
the planes were refueled and the dispersant loaded. 
Portable pumps were used to transfer the dispersant 
from the storage tanks to the tanks on the spray aircraft. 
A total of 412 documented aerial dispersant application 
sorties were flown to spray dispersant to the oil slicks 
on the water surface between 22 April and 19 July 2010 
for 16 days (9527A) and 57 days (9500A). Each sortie 
took about 1.5 h of flying time (take off to landing). The 
pumping capacity was ~300 gal min−1 (1136 l min−1). 
The quickest turnaround time (landing, refill dispersant 
tanks, refueling, and takeoff) was reported to be 15 min 
but that was done by a highly trained Air Force ground 
crew. A more typical turnaround time was likely on 
the order of 30 min. The planes with the largest tanks 
(5000 gal) had a spraying time about 16 min. 98% of 
dispersant volume was applied more than 10 nautical 
miles (nmi, 18 km; 11 mi) offshore (NOAA On scene co-
ordinator report: Deepwater Horizon oil spill, 2011). It 
was common for a specific aircraft to fly multiple sorties 
per day, with the highest reported number for a specific 
plane in 1 day being 6. For the Gulf Study we divided 
the study period (22 April–30 June 2011) into seven 
time periods (TPs) to allow step changes in exposure. 
Spraying of 9527A was done only in TP1a (22 April–14 
May 2010), whereas 9500A was sprayed by plane in 
TP1a and TP1b (15 May–15 July 2010).

Aerial spraying was not allowed within 5 nmi (9.3 
km) of the Macondo oil wellhead. Within that area, 
large vessels equipped with spray booms sprayed the dis-
persant onto the water surface. We found no information 
on loading of dispersant onto the spray vessels, but based 
on how dispersant was supplied to the injection vessel 
(see below), presumably dispersant was delivered to the 
spray vessel by supply vessels, either in portable tanks 
(totes) or transferred from tanks on the supply vessels to 
tanks located on the spray vessels. A total of 118 vessel 
surface applications of dispersant 9500A were reported 
between 15 May and 13 July 2010 (TP1b) on 41 days. 
In reviewing the payload of each application and the 

capacity of vessels dispersant application tanks, however, 
there may actually have been 126 applications (NOAA 
On scene coordinator report: Deepwater Horizon oil 
spill, 2011).

One vessel [Skandi Neptune (Skandi)] conducted 
subsea injection of dispersant 9500A. Dispersant was 
transferred to the Skandi from land via an Offshore 
Supply Vessel (OSV) either by portable tank or by 
transfer lines from the OSV storage tanks to the storage 
tanks to the Skandi. For the injection, dispersant was 
transferred from the Skandi storage tanks via a dis-
persant pumping system connected to a subsea manifold. 
A wand on the end of a hose connected to the manifold 
was positioned into the leaking oil stream to break up 
the oil as it was being released at the point in the broken 
pipe about 5000 ft (1.5 km) below the water surface. 
Six days of intermittent testing of the injection operation 
started 30 April 2010 (TP1a), but after May 15 injection 
was done almost continuously (24 h d−1) until 15 July 
2010 (TP1b).

Workers on land were potentially exposed to dis-
persant vapor from filling dispersant field storage tanks, 
from connecting and disconnecting dispersant transfer 
lines from the storage tanks to the airplane tanks or 
vessel storage tanks and from actual pumping of the li-
quid dispersant to these tanks. Exposure during transfer 
and pumping of dispersant also may have occurred be-
tween vessel storage tanks and the spray booms on the 
vessels applying the dispersant to the water surface, 
between the storage tanks on the OSV to those on the 
Skandi, and between the Skandi storage tanks to the 
subsea pumping system. Exposures also may have oc-
curred during maintenance and decontamination of this 
dispersant-containing equipment and in contact with 
leaky equipment and clean-up of spills (NOAA On scene 
coordinator report: Deepwater Horizon oil spill, 2011). 
Workers on research vessels (RVs) may have been ex-
posed to dispersants when they were collecting water 
and oil samples for research purposes. Finally, workers 
may have been exposed while being on a vessel located 
in a pool of dispersant.

Quantitative measurements
Almost 1300 air monitoring measurements were col-
lected on 2-BE or PG, two of the volatile dispersant 
components. Vapors associated with a third volatile 
component, petroleum distillates, hydrotreated light 
(composition similar to kerosene), found in 9500A, 
contributed to total hydrocarbon (THC) concentra-
tions, and so cannot be differentiated from the THC 
contribution from the crude oil as reported elsewhere 
(Huynh et al., 2021a,b,c; Ramachandran et al., 2021). 
No dispersant aerosol measurements were collected. 
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The only measurements relevant to spraying or injecting 
dispersant or the handling of dispersant associated 
with these activities are described below. The other 
2-BE and PG measurements are reported and dis-
cussed in Supplementary Materials (available at Annals 
of Work Exposures and Health online), Quantitative 
Measurement Data, and Supplementary Table S1 (avail-
able at Annals of Work Exposures and Health online). 
The 2-BE measurements were collected in a TP or lo-
cation where 9527A was not used and the description 
associated with the PG measurements provided no indi-
cation that the activity being monitored was associated 
with the application of dispersant.

The Responsible Party of the spill, as designated by 
the US government, collected three personal and two 
area samples of PG relevant to the work described here. 
PG is a component of both 9500A and 9527A. The dis-
persant type was not identified, although it was likely 
9500A, because the sampling date was after the use of 
9527A had been discontinued. The two area samples 
(0.22 and 0.07 ppm) were taken while filling airport 
dispersant storage tanks that were vented to the atmos-
phere. The duration of the samples was about 2 h. Two 
15-min personal samples were collected while trans-
ferring dispersant from storage tanks to the airplanes’ 
dispersant tanks and one 40-min personal sample was 
collected while cleaning up spilled dispersant around 
storage tanks. All three measurements were censored 
(limit of detection (LOD) = 0.64 ppm for the 15-min 
sample and 0.24 ppm for the 40-min sample).

Methods

As there were no 2-BE and few PG personal samples 
relevant to dispersant activities, exposures were modeled 
based on conditions that may have been encountered by 
the workers involved with handling the neat dispersant.

The AIHA IHMOD2.0
© software (Drolet, 2018) 

was selected because it includes a suite of 11 modeling 
programs that develop estimates of descriptive stat-
istics of air concentrations relevant to occupational 
exposure assessments (see Supplementary Fig. S1, avail-
able at Annals of Work Exposures and Health online). 
Additionally, the software includes Monte Carlo cap-
abilities to reflect uncertainty in model input parameters 
(Keil et al., 2009). We were interested in the exposure 
of workers performing a task where the exposure source 
was in their immediate breathing zone (direct exposure), 
as well as further away (indirect exposure). For tasks 
performed indoors or in other protected areas, the two-
box, constant emission model (Nicas, 2009) was deemed 
to be the most appropriate. The inner box (near field) 

corresponds to the area around the source where work 
is being performed within approximately an arm’s length 
or ~30 inches (0.76 m) of the worker. The outer box (far 
field) refers to exposure encountered in the remaining 
volume of the room, with a rather low rate of air ex-
change between the two boxes. For exposure scenarios 
that occurred out of doors, the near and mid field plume 
models were selected as the best predictors of exposures 
at various distances from the emission source.

Both models consider evaporation rate (in this paper, 
the terms evaporation rate and emission rate are used 
interchangeably) of the chemicals, wind speed, and the 
size of the dispersant surface area or ‘pool’ [as referenced 
in AIHA IHMOD2.0© (Drolet, 2018)] releasing the dis-
persant volatiles. For the two-box model, various room 
sizes, air changes per hour (ACH) in the room, random 
air velocities, and configurations of the near fields were 
incorporated, in addition to the emission rates (see 
section ‘Two-box model’). For the plume model, emis-
sion rates, distances of the worker relative to the dis-
persant surface area and advective air speeds (described 
in the section ‘Plume model’) were used.

Evaporation rates were calculated from the Hummel 
equation software provided in the IHMOD2.0© sup-
port file (Hummel et al., 1996) (see Supplementary 
Material, available at Annals of Work Exposures and 
Health online, Mathematical Modeling, emission or 
evaporation rate, and Supplementary Fig. S2, available 
at Annals of Work Exposures and Health online). The 
software considers the overall system pressure (typic-
ally 1 atmosphere); wind speed, surface temperature; 
surface area of the pool; length of the pool along the 
air flow, and the molecular weight and vapor pressure 
of the component of interest. The Hummel equation 
was originally derived for pure materials, while the dis-
persants in this work are mixtures. In mixtures, such as 
dispersants, that contain surfactants, the vapor pressure 
of the mixture components will closely approach the 
vapor pressure of the pure component of the mixture 
(J. I. Siepmann, personal communication). Therefore, in 
calculating evaporation rate, we used the vapor pres-
sure of the pure volatile component (2-BE = 0.00115 
atm, PG = 0.00017 atm), rather than the vapor pres-
sure expected in the mixture (see Groth, Huynh et al., 
2021, Supplementary Material, section 2, available at 
Annals of Work Exposures and Health online). This 
assumption means that the vapor pressure of the pure 
component will result in maximum evaporation rates 
and will yield maximum reported estimates for each 
exposure scenario. Vapor pressures at 25°C, which is 
the temperature of the liquid dispersant, rather than of 
the air, were used in the calculation.
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Because there was likely a wide range of possible 
conditions (i.e. for wind speed and pool size) related 
to the dispersant vapors in our study, evaporation rates 
were calculated at 7 wind speeds, ranging from 6.25 to 
894.1 cm s−1 (0.14–20 mph) and 11 pools sizes, ran-
ging from 25.8 to 33 445.1 cm2 (4–1944 in2). For the 
worst-case analysis where a vessel was located in a 
pool of dispersant on the water surface, areas of the 
pool ranged from 9 to 21 m2 (900–4900 ft2). A square-
shaped pool was selected for all scenarios for simplifi-
cation. Evaporation rates for 2-BE in dispersant 9527A 
were calculated for 77 combinations of wind speed and 
pool size (Table 1). The worst-case vessel pool calcula-
tions added 21 additional combinations. For example, 
a low wind speed of 44.7 cm s−1 (1 mph) and a small 
square pool of 232.26 cm2 (36 in2) [15.24 cm (6 in) on 
a side] resulted in an evaporation rate of 44.0 mg min−1. 
For both the two-box and the plume models, the evap-
oration rates in Table 1 were used as the models’ input 
parameters for emission rate (G). With limited infor-
mation, it is much easier to estimate possible ranges of 
conditions than to identify detailed input parameters as-
sociated with a specific exposure scenario.

Typically, modeling is conducted for a concise set 
of conditions, but because detailed information re-
garding the dispersant conditions was not available, 
we used Monte Carlo methods to reflect uncertainty in 
the two-box and plume models. Ranges of wind speed 
were grouped into three categories of low, medium, and 
high, and source sizes were grouped into five categories 
i.e. small, medium, large, very large, and vapor pool 
scenarios (Table 1).

Two-box model
Nicas (2009) provides a technical discussion of the 
model’s application but uses slightly different ter-
minology than that used by Drolet (2018) (see 
Supplementary Table S2, available at Annals of Work 
Exposures and Health online). We use here the Nicas 
terminology. The two-box model accounts for the spa-
tial variability of exposure intensity in a working area, 
such as a room, by dividing the room conceptually into 
two boxes (Supplementary Fig. S3, available at Annals 
of Work Exposures and Health online). One box con-
tains the emission source (termed the near field). Its di-
mensions are sized to approximate the breathing zone of 
the worker located near the source i.e. an arm’s length 
or ~30 inches (0.76 m) of the worker. The remainder of 
the room is the far field, i.e. the second box. The two-
box model assumes the air within each box is perfectly 
mixed, with limited air flow rate (β) between boxes. The 

β parameter is a function of the free surface area of the 
near field box and the random air speed. Free surface 
area refers to the surface area of the near field box where 
the flow of air is not obstructed or not occluded (oc-
cluded means that the box, for example, was on a sur-
face such as a table and therefore the bottom of the box 
was not available for air exchange). Random air speed 
is the non-directional speed of the molecules moving be-
tween the two boxes.

For tasks that may have been performed indoors 
or in protected areas and where the surface area of the 
dispersant was limited (because the entire surface area 
of the pool must fit inside the near field box), such as 
the connection of a transfer line, near field and far field 
exposure estimates were developed using the two-box 
model. We assumed constant emission, that is, sufficient 
liquid was available for evaporation to have occurred 
over the entire duration of the task.

Monte Carlo simulations were conducted varying 
emission rates (G) (from Table 1) and ventilation rates 
(Q, derived from ACH), with low ventilation rates being 
1–3 ACH and medium, 3–6 ACH. A uniform distribu-
tion was used for both evaporation rates and ventilation 
rates. Random air speed (S) was expressed with a tri-
angular distribution, varying from 2 to 6 m min−1 and a 
mode of 4 (Baldwin and Maynard, 1998). The near field 
was configured as a rectangular box with the bottom oc-
cluded with a width, length, and height of 0.76, 0.76, 
and 1 m (2.5 by 2.5 by 3.3 ft), respectively. The far field 
box (less the volume of the near field box) considered 
two room sizes, small (3 × 3 × 3 m3, 955 ft3) and large 
(5 × 5 × 5 m3, 4415 ft3). See Supplementary Material 
(available at Annals of Work Exposures and Health on-
line) for additional discussion of the model’s application, 
including an illustration of a Monte Carlo simulation for 
a specific scenario (Supplementary Fig. S3, available at 
Annals of Work Exposures and Health online).

Plume model
The theory supporting application of the plume model 
is discussed by Armstrong (2009) and his terminology 
is used here (Drolet’s (2018) corresponding termin-
ology is in Supplementary Table S2 (available at Annals 
of Work Exposures and Health online). The plume 
model can be used to estimate exposures under outside 
conditions with wind using a near and mid field plume 
model (Supplementary Fig. S4, available at Annals 
of Work Exposures and Health online). The plume 
model assumes the exchange of air between the near 
field and the mid field is much greater than assumed by 
the two-box model, resulting in a much more uniform 
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concentration gradient with increasing distance from 
the source. In this model, a Gaussian function is used 
to describe the concentration gradient in the plume 
emitted from a contaminant source resulting from tur-
bulent diffusion and mixing. Plume model equations 
have slightly different forms depending on the distance 
from the source. The near field equation is used for 
distances from 0.1 to 3 m and the mid field equation 
for distances from 3 to 100 m. The plume model uses 
evaporation rates derived from the Hummel equation 
that considers liquid pool size and wind speed for the 
model emission rate (G) input. The model also con-
siders the advective air speed (U, the speed of a direc-
tional wind moving over the length of the pool), which 
affects the diameter of the plume (the slower the wind, 
the wider the plume, because it has time to disperse) 
and the speed at which the vapors in the plume are car-
ried away from the source.

Monte Carlo simulations varied emission rates that 
were dependent on the exposure scenario’s range in 
wind speed and surface area of the liquid pool. We as-
sumed a uniform distribution for both the G and U. 
Table 1 presents Gs associated with various ranges in 
wind speed [<27 m min−1 (<1 mph), 80–135 m min−1 
(3–5 mph), and 268–537 m min−1 (10–20 mph)] and 
size of the liquid pool [small (25.8–232.3 cm2), medium 
(412.9–929.0 cm2), large (2090.3–3716.1 cm2), and 
very large (8361–33 445 cm2)]. We evaluated distances 
of 0.3, 0.8, 1.5, 3, 6, 9, and 15 m (~1, 2.5, 5, 10, 20, 
30, and 50 ft) to encompass a subset of likely distances 
that workers could have been positioned relative to the 
source. Assuming that the pool remains the same size 
for the duration of the task, the air concentration that 
a worker would have encountered at a specific position 
should be constant. With the plume model, the reported 
concentrations represent estimated exposures downwind 
from the source.

Finally, although we do not have any information 
that indicated that dispersant could form a pool on the 
water surface, we evaluated a worst-case scenario where 
a vessel could be located in pool sizes ranging from 
840 000 to 4 600 000 cm2 (900–4900 ft2). Considering 
that the dispersants are completely soluble in water, the 
spray application would have resulted in a dispersant 
film that was 0.005 mm (0.0002 in) thick. Considering 
wave action, it is very unlikely that a pool have existed 
more than a few seconds.

Estimates
Average 2-BE concentrations are reported for tasks with 
durations of 5, 10, and 15 min for both the near field 
and far field boxes. Durations for the plume model were 

not relevant for estimation of air concentrations because 
an increase in duration does not affect the plume concen-
tration, since buildup of concentrations would not have 
occurred due to the lack of air mixing between the two 
fields. The activity-related 2-BE vapor exposure statistics 
developed from both models were the arithmetic means 
(AMs), geometric means (GMs), geometric standard de-
viations (GSDs), 95th percentiles (%iles), and 90% con-
fidence intervals (CIs). For the GuLF STUDY, we report 
the range of the possible means and mean GSDs across 
the various cases. For the two-box model a total of 72 
cases were investigated, each using 10 000 iterations, re-
flecting the various combinations of source size, ACH, 
room size, and wind speed using the near field retangular 
configuations described above. An additional 16 cases 
were run using a semi-hemisphere near field configur-
ation with a 0.76 m radius to determine the impact of 
the near field configuations (analyis not shown), but it 
was found that the shape of the near field had little im-
pact of the results of the analysis.

For the plume model, a total 30 cases were run (15 
near field and 15 mid field), each using 10 000 iterations, 
corresponding to the 5 pools sizes and 3 wind speeds re-
ported in Table 1.

Equivalent PG and petroleum distillates exposures 
can be estimated from the 2-BE modeling results by 
comparing the evaporation rates of PG and petroleum 
distillates to the 2-BE evaporation rate. Thus, under the 
same conditions, PG and the petroleum distillates ex-
posures are a factor only of the molecular weight and 
vapor pressure, i.e. 0.106 and 1.43 times, respectively, 
of the reported 2-BE level. To illustrate the use of these 
factors, from the Quantitative Measurements section 
above, we consider the two PG area samples collected 
(0.22 and 0.07 ppm) while filling the vented airport 
dispersant storage tanks. If the storage tank had been 
filled with 9527A, i.e. containing 2-BE, the expected 
2-BE concentration for the same area samples would 
have been approximately 0.22/0.106 = 2.08 ppm and 
0.07/0.106 = 0.66 ppm, respectively.

Results

The complete set of 2-BE and PG concentration results 
using the two-box model and the plume model, i.e. the 
mean (as calculated from the Monte Carlo simulations) 
AMs, GMs, GSDs, 95th %iles, and the 90% CI are 
provided in Supplementary Tables S4–S7 (available at 
Annals of Work Exposures and Health online). The pet-
roleum distillates estimates are not shown because they 
cannot be differentiated from the THC concentrations 
related to the crude oil.
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Estimates for OSRC workers
Two-box model
Possible mean estimates of workers’ exposures to 2-BE 
in the near field ranged from approximately 966 to 
5730 ppb as a 15-min average concentration (Table 2; 
Supplementary Table S4, available at Annals of Work 
Exposures and Health online) depending on the work-
place conditions. The 15-min average AMs in the re-
mainder of the room (far field) ranged from 219 to 
3480 ppb, with most concentrations below 1000 ppb. 
The condition of low wind speed, medium surface area, 
low ACH, and small room size produced the highest es-
timated concentration for both near and far field. Values 
for PG are in Supplementary Table S5 (available at 
Annals of Work Exposures and Health online).

Plume model
Table 3 and Supplementary Table S6a and b (available at 
Annals of Work Exposures and Health online) present a 
summary of predicted exposures under conditions that 
workers would have likely encountered out of doors. 
The column at the distance of 0.767 m corresponds to 
the near field/mid field boundary in the two-box model. 
The near field mean 2-BE concentrations with small 
or medium surface area ranged from 12.4 to 261 ppb, 
considerably lower than those observed from the two-
box model near field estimates of 966–5730 ppb. In 
contrast to the two-box model, the highest concentra-
tion (20 300 ppb) from the plume model was associated 
with low wind speed, approximately 0.3 m from a very 
large surface area. For the mid field at 3.0 m, predicted 

mean concentrations were ~1.00 to 300 ppb across all 
evaluated size pools, wind speeds and mid field dis-
tances, with the highest concentrations under the same 
conditions as those of the near field. Values for PG are 
in Supplementary Table S7a and b (available at Annals 
of Work Exposures and Health online). Tables S6b and 
S7b (available at Annals of Work Exposures and Health 
online) present the hypothetical worst-case scenario pre-
sent above where a vessel is located in a large pool of 
dispersant.

Estimates for Gulf Study participants
The workplace conditions for all three tasks for which 
we have study participant information were likely con-
ducted out of doors near the source of the dispersant 
vapor. Table 4 identifies the task or activity, the TP, the 
location (within ~10 nmi (18 km) of the wellhead or 
>10 nmi [because 9527A (for 2-BE) was only used out-
side of the 10 nmi area] and the estimated AM concen-
tration (ppb) and GSD for both 2-BE and PG. The model 
applied and the expected conditions identify where the 
work was likely performed (indoors or out of doors), 
which determines the two-box or plume model, the dis-
tance of the worker’s breathing zone from the dispersant 
vapor source, the source of the vapor, such as pumps 
or tanks, the surface area size, and the wind speed. For 
example, for ‘Maintained/worked on pumps/tanks that 
held dispersant’, the tanks were assumed to be located 
outside. Even if the work had been conducted inside a 
tank, OSHA confined space entry regulations require 
that tanks have adequate forced air ventilation (typically 

Table 2.  Two-box model, 2-BE estimated AM concentrations for near field and far field.

Wind speeda Surface areab ACHc Room sized 2-BE TWA AM (ppb)  
Near fieldd

2-BE TWA AM (ppb)  
Far fieldd

5 min 10 min 15 min 5 min 10 min 15 min

Low Small Low Small 1160 1560 1880 437 819 1137

Low Small Low Large 839 939 1010 98.1 188 264

Low Medium Low Small 3520 4710 5730 1320 2480 3480

Low Medium Low Large 2580 2890 3090 301 578 805

Low Small Medium Small 1130 1450 1710 405 717 967

Low Small Medium Large 822 907 966 90.1 162 219

Low Medium Medium Small 3520 4530 5170 1260 2240 2930

Low Medium Medium Large 2530 2790 2940 278 500 667

ppb, parts per billion; TWA, time-weighted average.
aLow wind ranged from 3.75 to 26.8 m min−1.
bSmall surface areas ranged from 25.8 to 232.3 cm2 and medium surface areas ranged from 412.9 to 929.0 cm2.
cLow ACH ranged from 1 to 3, medium ranged from 3 to 6 ACH.
dThe near field small room size was 0.76, 0.76, and 1 m (2.5 by 2.5 by 3.3 ft). The far field small room size was 3 × 3 × 3 m (27 m3) and the far field large room size 

was 5 × 5 × 5 m (125 m3).
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20 ACH) in the immediate area of the worker, so that 
the ventilation was more like (low) outside wind speeds 
than those inside. Tanks have a relatively large surface 
area that could be contaminated with dispersant and 
maybe even have some pooled dispersant on the bottom. 
In TP1a, the tank could have contained either 9527A or 
9500A if it was not located near the wellhead or 9500A 
only if it was near the wellhead. In Table 3, at low wind 
and large surface area, the estimated 2-BE AM is 771 
ppb at 0.77 m (2.5 ft) and 219 ppb at 1.52 m (5 ft). 
As we assumed that the individuals’ activities placed 
the workers between 0.77 and 1.52 m, we assigned the 
average of the two values of 495 ppb 2-BE. The corres-
ponding concentrations for PG were 81.8 and 23.2 ppb, 
respectively, averaging 52.5 ppb.

For most tasks, the surface area was estimated to be 
small or medium, except for tasks on the RVs, where the 
equipment used to monitor the oil plume was contamin-
ated with dispersant from being in the water. The wind 
was generally considered to be low [0.14–1 mph (0.23–
1.61 kph) to medium (3–5 mph, 4.8–8 kph) except in 
situations on the open water [i.e. for a moving RV 10–20 
mph (16–32 kph)]. Time period also was considered be-
cause the dispersant containing the 2-BE (9527A) was 
only applied in TP1a, whereas PG was a component of 
both dispersants, and therefore was relevant to TP1a 
and TP1b.

We estimated dispersant concentrations from the un-
likely scenario of there being a dispersant pool on the 
water surface. These conditions could be considered 
worst-case situations and depended on the location of 
the application. The first situation would have occurred 
in open waters if the aerial application had been con-
ducted in TP1a and a vessel had entered a recently 
sprayed location 30 min after the spraying occurred 
(the earliest allowable amount of time as designated 
by the Responsible Party) (Table 4). If such a circum-
stance could have occurred and a film of dispersant 
could have remained on the water, workers on the vessel 
could have encountered 2-BE and PG vapors. In TP1b 
only 9500A was used and so only PG exposure was pos-
sible. Virtually all aerial applications occurred more than 
10 nmi (18 km) from shore, where larger vessels were 
used, so the occupants’ breathing zone was estimated 
to be at least 3 m (9 ft) above the water surface. Under 
these conditions, the 2-BE highest exposure estimates 
would have occurred at low winds with vessel pool 
surface areas of 30–70 square feet, i.e. 11.7 ppm (note 
units of ppm) and a corresponding PG concentration of 
1.24 ppm. At approximately a 9 m height (88 ft) (for 
a larger marine vessel), the  2-BE concentration would 
be 0.71 ppm or a PG concentration 0.075 ppm (see 
Supplementary Tables S6b and S7b, available at Annals 
of Work Exposures and Health online).

Table 3.  Plume model, estimated 2-BE AM concentrations for near and mid field.

Distance from source

Near field Mid field

 Meters 0.303 0.767 1.521 3.00 5.91 8.82 15.60

 Feet 0.99 2.52 4.99 9.84 19.40 28.90 51.20

Wind speeda Surface areab 2-BE AM concentration (ppb)

Low Small 469 85.0 24.1 6.91 0.88 0.42 0.15

Medium Small 128 23.2 6.58 1.89 0.23 0.11 0.04

High Small 68.6 12.4 3.53 1.01 0.13 0.06 0.02

Low Medium 1440 261 74.1 21.2 2.62 1.27 0.45

Medium Medium 427 77.3 21.9 6.28 0.79 0.38 0.14

High Medium 226 40.9 11.6 3.32 0.42 0.20 0.07

Low Large 4260 771 219 62.7 7.62 3.69 1.31

Medium Large 1280 232 65.7 18.8 2.34 1.13 0.40

High Large 671 121 34.5 9.88 1.24 0.60 0.21

Low Very large 20 300 3670 1040 299 37.2 18.0 6.42

Medium Very large 5740 1040 295 84.6 10.5 5.08 1.81

High Very large 3070 555 158 45.2 5.60 2.71 0.97

For abbreviations, see Table 2.
aLow wind ranged from 3.75 to 26.8 m min−1, medium wind speed varied from 80.5 to 134.1 m min−1, and high wind ranged from 268.2 to 536.5 m min−1. For any 

wind speed value, the same value was used for the advective wind speed.
bSmall surface areas ranged from 25.8 to 232.3 cm2, medium surface areas ranged from 412.9 to 929.0 cm2, large surface areas ranged from 2090.3 to 3716.1 cm2, 

and very large surface areas ranged from 8361 to 33 445 cm2.
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Table 4.  Estimated exposures for work performed during OSRC.

Task/activity Conditions Time 
period

Can see the 
wellhead?a

2-BE AM 
(ppb) (GSD)

PG AM  
(ppb) (GSD)

Maintained/worked on pumps/

tanks that held dispersant

Plume model: out of doors  

Distance: 0.77–1.52 m  

Source: pumps  

Surface area: small  

Wind speed: medium

TP1a Yes NA 2.46–0.70 ppb  

Ave = 1.58 

ppb  

(1.465)

Maintained/worked on pumps/

tanks that held dispersant

Plume model: out of doors  

Distance: 0.77–1.52 m  

Source: pumps  

Surface area: small  

Wind speed: medium

TP1a No 23.19–6.58 

ppb  

Ave = 14.9  

(1.465)

2.46–0.70 ppb  

Ave = 1.58 

ppb  

(1.465)

Maintained/worked on pumps/

tanks that held dispersant

Plume model: out of doors  

Distance: 0.77–1.52 m  

Source: tanks  

Surface area: large  

Wind speed: low

TP1a Yes NA 81.8–23.2 ppb  

Ave = 52.5 

ppb  

(2.190)

Maintained/worked on pumps/

tanks that held dispersant

Plume model: out of doors  

Distance: 0.77–1.52 m  

Source: tanks  

Surface area: large  

Wind speed: low

TP1a No 771–219 

ppb  

Ave= 495 

ppb (2.190)

81.8–23.2 ppb  

Ave = 52.5 

ppb  

(2.190)

Maintained/worked on pumps/

tanks that held dispersant

Plume model: out of doors  

Distance: 0.77–1.52 m  

Source: pumps  

Surface area: small  

Wind speed: medium

TP1b Yes or No NA 2.46–0.70 ppb  

Ave = 1.58 

ppb  

(1.465)

Maintained/worked on pumps/

tanks that held dispersant

Plume model: out of doors  

Distance: 0.77–1.52 m  

Source: tanks  

Surface area: large  

Wind speed: low

TP1b Yes or No NA 81.8–23.2 ppb  

Ave = 52.5 

ppb  

(2.190)

Handled/pumped dispersant Plume model: out of doors  

Distance: 0.77 m  

Source: handled/pumped  

Surface area: medium  

Wind speed: medium

TP1a Yes NA 8.19 ppb 

(1.324)

Handled/pumped dispersant Plume model: out of doors  

Distance: 0.77 m  

Source: handled/pumped  

Surface area: medium  

Wind speed: medium

TP1a No 77.3 

(1.324)

8.19 ppb 

(1.324)

Handled/pumped dispersant Plume model: out of doors  

Distance: 0.77 m  

Source: handled/pumped  

Surface area: medium  

Wind speed: medium

TP1b Yes or No NA 8.19 ppb 

(1.324)

Connect/disconnected hoses/

lines used to transfer dispersant

Plume model: out of doors  

Distance: 0.77 m  

Source: connect/

disconnects  

Surface area: small  

Wind speed: low

TP1a Yes NA 9.01 ppb 

(2.305)
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Task/activity Conditions Time 
period

Can see the 
wellhead?a

2-BE AM 
(ppb) (GSD)

PG AM  
(ppb) (GSD)

Connect/disconnected hoses/

lines used to transfer dispersant

Plume model: out of doors  

Distance: 0.77 m  

Source: connect/disconnect 

Surface area: small  

Wind speed: low

TP1a No 85.0 ppb 

(2.305)

9.01 ppb 

(2.305)

Connect/disconnected hoses/

lines used to transfer dispersant

Plume model: out of doors  

Distance: 0.77 m  

Source: connect/

disconnects  

Surface area: small  

Wind speed: low

TP1b Yes or No NA 9.01 ppb 

(2.305)

Worked on RV  

(Assumed moving)

Plume model: out of doors  

Distance: 3.0–5.91 m  

Source: water surface and 

equipment  

Surface area: very large  

Wind speed: high

TP1a Yes NA 4.79–0.59 ppb  

Ave = 2.69 

ppb  

(1.465)

Worked on RV  

(Assumed moving)

Plume model: out of doors  

Distance: 3.0–5.91 m  

Source: water surface and 

equipment 

Surface area: very large  

Wind speed: high

TP1a No 45.2–5.60 

ppb  

Ave = 25.4 

ppb  

(1.465)

4.79–0.59 ppb  

Ave = 2.69 

ppb  

(1.465)

Worked on RV  

(Assumed moving)

Plume model: out of doors  

Distance: 3.0–5.91 m  

Source: water surface and 

equipment  

Surface area: very large  

Wind speed: high

TP1b Yes or No NA 4.79–0.59 ppb  

Ave = 2.69ppb  

(1.465)

Aerial application—dispersant 

pool (See SM ST6b for 2-BE 

and SM ST7b for PG)

Plume model: out of doors  

Distance: 3.0 m  

Source: vessel located in 

surface pool of dispersant  

Surface area: vessel pool  

Wind speed: low

TP1a No 11 700 ppb 

(2.274)

1240 ppb 

(2.274)

Aerial application—dispersant 

pool (See SM ST7b for PG)

Plume model: out of doors  

Distance: 3.0 m  

Source: vessel located in 

surface pool of dispersant  

Surface area: vessel pool  

Wind speed: low

TP1b No NA 1240 ppb 

(2.274)

Vessel application—dispersant 

pool (See SM ST7b for PG)

Plume model: out of doors  

Distance: 10 and 30 m  

Source: vessel spraying 

dispersant source/hotzone  

Surface area: vessel pool  

Wind speed: low

TP1a and 

TP1b

Yes NA 62.3–8.1 ppb  

Ave = 35.2 

ppb  

 (2.296)

aIndicates location, i.e. yes = ≤10 nmi of the wellhead and therefore 2-BE was not possible because 9527A was not used there. No = >10 nmi where 9527A use oc-

curred. RV, Research Vessel; SM, Supplemental materials; ST, Supplemental table located in the supplemental materials.

Table 4.  Continued
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Another worst-case scenario is for the workers on 
vessels present in the wellhead area when dispersant was 
being sprayed onto the water surface by a vessel near 
the wellhead (Table 4). In this scenario, only 9500A dis-
persant was used, so only PG was evaluated. This area 
was restricted to large rigs, or marine or RVs, with deck 
heights of approximately 30 m (98 ft) (rigs) to 10 m (32 
ft) (marine or RVs). We again assumed low wind and a 
pool size corresponding to the vessel pool sizes included 
in Table 1. For these workers, the predicted PG concen-
trations were 62 ppb at ~10 m) and 8 ppb at ~30 m 
if the vessel was 50 m downwind from where the dis-
persant was sprayed (Table 4).

Discussion

In this paper, we have modeled exposures to vapors from 
the volatile components of two dispersants to describe 
possible mean exposure levels of the workers performing 
dispersant-related tasks generating vapors under various 
workplace conditions and to inform the exposure assess-
ment of the GuLF STUDY. Each of the modeling results 
generally relates to a single task performed over a short 
(e.g. <15 min) period of time, although activities such 
as tank cleaning may have taken a longer time. Based 
on the information available to us, we felt that it was 
likely that all activities related to handling dispersant in 
the Gulf Study were conducted outside where the plume 
model is appropriate. We also modeled using the two-
box model so that our exposure assessment would be 
complete if additional information related to inside ac-
tivities becomes available to future investigators or if 
future oil spills are characterized by indoor dispersant 
activities. Also, by presenting results using both models, 
we could determine the impact of selecting one model 
over the other.

In general, the two-box model exposure estimates 
were much higher than those from the plume model be-
cause air is exchanged between the boxes, meaning that 
some dispersant vapor returns from the far field box to 
the near field box, adding to the near field concentra-
tion. In contrast, for outdoor activities where the plume 
model was used, the estimates were generally much 
lower due to the much higher air flow rate (or wind 
speed) outdoors that moved the vapor away from the 
source. Thus, with the two-box model, the near field 
15-min mean concentrations ranged from 966 to 5730 
ppb 2-BE, whereas with the plume model the corres-
ponding concentrations ranged from 85 to 261 ppb. The 
two-box model far field estimates represent the average 
exposures in the room outside of the near field without 
specifying a specific distance from the source and ranged 

from 219 to 3480 ppb 2-BE depending on the room con-
ditions. In contrast, the plume model requires the input 
of distance from the source; at a mid field distance of 
3 m (~10 ft) from the source, the plume model concen-
trations ranged from 1 to 300 ppb 2-BE, with only the 
concentrations associated with a very large surface area 
(8361–33 445 cm2) generally being above 100 ppb 2-BE. 
Concentrations were even lower at greater distances.

The Hummel equation finds that wind speed had a 
major effect on the model estimates, primarily through 
its effect on the evaporation rate. With a small, 25.8 cm2 
pool and a low wind speed of 3.75–26.82 m min−1, evap-
oration rates ranged between 3.17 and 8.47 mg min−1. 
Surface area also was important to the evaporation rate. 
A small pool of 25.8 cm2 (2 in2) versus a small pool of 
103.2 cm2 (4 in2) under a wind speed of 3.75 m min−1 
resulted in an evaporation rate change from 3.17 to 
8.96 mg min−1.

For the two-box model, holding ACH and room size 
constant, the mean exposure concentrations increased 
with increasing size of dispersant surface area (in add-
ition to affecting the evaporation rate as described 
above). For example, when ACH was low and room size 
large, the 15-min near field mean increased from 1010 
(small area) to 3090 ppb (medium), and the far field 
15-min mean increased from 264 to 805 ppb, respect-
ively. Room size was also important. Holding surface 
area and ACH constant (e.g. surface area = medium and 
ACH = low), the near field 15-min decreased from 5730 
ppb in a small room to 3090 ppb in a large room. The 
corresponding far field 15-min mean decreased from 
3480 to 805 ppb. Wind speed was not varied in this 
model because the model applied to conditions indoors 
or in protected areas and ACH appeared under our con-
ditions to have a minimal impact on the 15-min mean. 
For a specific set of conditions, the mean concentrations 
also increased as exposure duration increased because 
the air flow rate in the room was likely insufficient to re-
duce the vapor concentration faster than the vapor was 
being generated.

The highest mean 2-BE concentrations (3520, 4710, 
and 5730 ppb) were observed near field in a small room 
(3 × 3 × 3 m = 27 m3) with a medium dispersant sur-
face area (412.9–929.0 cm2), low wind (26.8 m min−1), 
and low ACH (<3) for 5, 10, and 15 min, respectively. 
The corresponding far field mean 2-BE concentrations 
were 1320, 2480, and 3480 ppb, respectively. Examples 
of (two-box) tasks in the near field are cleaning a con-
taminated surface area inside an airplane or cleaning 
the inside of a tank that was not ventilated. Far field 
exposure could relate to the ambient concentration 
in the plane just described further from the source or 
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monitoring outside a tank while work was being done 
inside the tank.

The major variable to affect the plume model ap-
peared to be wind speed, which also affected, as de-
scribed above, the evaporation rate of the dispersant. 
Plume concentrations decreased with increasing wind 
speed. For example, with a medium surface area at a dis-
tance of 0.767 m from the source, the mean 2-BE con-
centrations were 261, 77.3, and 40.9 ppb at wind speeds 
of low, medium, and high, respectively. Surface area was 
also important. At constant wind speed (e.g. medium) at 
0.767 m from the source, the 2-BE mean concentrations 
increased from 23.2 to 1040 ppb as the surface area 
increased from small to very large [8361–33 445 cm2 
(9–36 ft2)]. Small surface areas [25.8–232.0 cm2 (0.03–
0.25 ft2)] represent, for example, connects and discon-
nects of pipes and transfer lines, whereas medium areas 
[413–929 cm2 (0.44–1.0 ft2)] represent surface areas for 
tank transfers, such as those that occurred between the 
OSVs and the Skandi. Tasks such as cleaning equipment 
or small spills likely had a surface area of medium to 
large. Large [2090–3716 cm2 (2.25–4.00 ft2)] surface 
areas also could represent collecting samples from the 
water surface after dispersant had been applied but be-
fore all of the dispersant had been absorbed by the water 
and oil, and very large [8361–33 445 cm2 (9–36 ft2)] 
areas could be dispersant-contaminated containers being 
cleaned and in the wellhead areas where vessel spraying 
was being done.

The highest observed 2-BE concentrations were ob-
served with low wind speeds and very high surface 
areas. In this scenario, for a worker performing a task 
at arm’s length [~2.5 ft. (0.767 m)], the mean concen-
tration was predicted to be 3670 ppb, while at 5 ft (~2 
m) from the surface area, the concentration was calcu-
lated to be 1040 ppb, such as during the collection of a 
water sample. For distances greater than 0.767 m from 
the source, the only modeled scenario where the 2-BE 
mean concentration exceeded 1000 ppb was where the 
surface area was very large and the wind low, and even 
in this case the concentration exceeded 1000 ppb only at 
distances less than 5 ft from the source.

Although specific information on the duration and 
frequency of relevant activities was not available, most 
of the activities evaluated here were likely of short 
duration. Thus, a comparison of the predicted levels 
to the current full-shift occupational exposure limits 
may be inappropriate. (If tasks or activities were per-
formed multiple times per day, the frequency of these 
tasks, of course, needs to be considered in a daily 
average.) As a point of reference, established occupa-
tional full-shift exposure limits (OELs) for 2-BE vapor 

are 50  ppm (OSHA’s Permissible Exposure Limit) 
(OSHA, 2019), 20 ppm (ACGIH’s Threshold Limit 
Value (TLV®) (American Conference of Governmental 
Industrial Hygienists (ACGIH), OSHA, 2019), and 
5 ppm (NIOSH’s Recommended Exposure Limit for up 
to 10 h d−1) (OSHA, 2019). The ACGIH provides gen-
eral guidelines referred to as excursion criteria for situ-
ations where exposures are short term, i.e. ‘excursions 
in worker exposure levels may exceed three times the 
TLV®–TWA for no more than 30 min during a workday, 
and under no circumstance should they exceed five times 
the TLV®–TWA, provided that the TLV®–8-hr TWA is 
not exceeded’(ACGIH, 2019). Applying these excursion 
criteria to the most conservative 2-BE exposure limit 
(NIOSH’s 5 ppm limit for up to 10 h), exposure should 
not exceed 15 ppm for more than 30 min per day, with 
a peak exposure of 25 ppm never to be exceeded. The 
appropriate metric to assess compliance with exposure 
limits is the 95th %tile. Supplementary Table S4 (avail-
able at Annals of Work Exposures and Health online) 
reports the two-box model’s possible %iles for various 
exposure scenarios that could be encountered during an 
oil spill. The near field 15-min 95th %iles ranged from 
1.69 to 9.27 ppm 2-BE, the latter being associated with 
a low wind speed, medium surface area, low ACH, and 
small room. With the plume model (Supplementary 
Table S6, available at Annals of Work Exposures and 
Health online), the 2-BE 95th %ile concentrations at 
2.5 ft (0.767 m), ranged from 0.023 to 10.12 ppm for 
low wind speed and a very large surface area, such as 
could be associated with a worker inside a tank cleaning 
a wall. Thus, although the exposure levels were slightly 
lower than current excursion recommendations, the 
levels suggest exposures exceeding the thresholds could 
have occurred under certain conditions.

The only recommended OEL for PG was established 
by American Industrial Hygiene Association (AIHA) 
Workplace Environmental Exposure Levels (WEELs®) 
(American Industrial Hygiene Association, 2004) as 
10 ppm for an 8-h TWA. Applying ACGIH’s definition 
of excursions, the corresponding excursion levels for PG 
are 30 ppm for 30 min, never to exceed 50 ppm. The 
near field mean two-box model 95th %iles estimated 
for a 15-min mean exposure to PG in ranges of 0.018–
2.25 ppm. The plume model estimates at 0.767 m (near 
field) ranged from 0.002 to 1.07 ppm (Supplementary 
Tables S5 and S7, available at Annals of Work Exposures 
and Health online). Thus, it is not likely that PG expos-
ures would have exceeded the excursion criteria under 
conditions described here. The purpose of this paper is 
to report estimated concentration levels rather than to 
assess compliance with occupational exposure limits.
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One limitation of the task-related modeling is that 
the conditions under which the tasks were performed, 
including the location and the duration, were not ob-
served by us, nor were the specific workplace conditions 
available to us. Rather, the conditions were characterized 
from available (and somewhat general) documentation 
and our extensive experience and so represent possible, 
not actual exposure estimates. We cannot be certain 
of the size of the sources in our scenarios or how dili-
gent workers were in cleaning up spills. The dispers-
ants do not have objectionable odors, so that workers 
may not have felt an urgency to avoid breathing in the 
vapors or clean up spills promptly. In this case, the sur-
face areas may have been larger or the duration longer 
than we anticipated, resulting in an underestimation of 
exposure. In addition, the generalizability of the three 
personal measurements cited above to other workplaces 
also is not known. If the samples had been taken under 
idealized conditions, real exposures could have been 
higher than recorded. Based on the two PG areas sam-
ples collected by the RP, field storage tanks were vented 
to the atmosphere. We do not have any information on 
whether the dispersant tanks on the aircraft were vented 
or how close personnel were to tank vents. If the vents 
were a significant contributor to exposure compared 
with the activities and tasks performed, actual exposures 
may have been higher than those estimated with this 
modeling effort. On the other hand, as long as the tanks 
were vented outside under typical wind conditions on 
the Gulf [average hourly wind speed was approximately 
10 mph (16 kph)] the plume model indicates that expos-
ures would drop off very quickly with distance from the 
source. Severe conditions (i.e. at 0.1 m from the source 
at low wind and a very large surface area) resulted in 
the highest 2-BE AM concentration of 20.3 ppm (Table 
3), but this is not likely to be a situation encountered by 
the study participants. At 0.767 m (~2.5 ft), the concen-
tration dropped to 3.67 ppm and at 3 m (~10 ft), the 
estimated AM was calculated to be only 0.30 ppm. Note 
that for this severe scenario, concentrations are reported 
in ppm rather than ppb.

Another limitation is that the dispersant was not the 
only source of the 2-BE, PG, and petroleum distillates. 
All may have been contained in other mixtures such as 
decontamination solvents, which were used extensively. 
Thus, the modeled estimates developed may be on the 
low side of actual exposure levels. The contribution 
from those other sources, however, is likely to be small 
because the other sources likely had lower concentra-
tions of volatiles and did not contain the surfactants that 
caused the components to reach a vapor pressure near 
that of the pure component. This composition would 

have resulted in much lower evaporation rates than 
those observed with the neat dispersant. Second, all the 
modeling was conducted at 25°C (77°F). Temperature 
affects vapor pressure (evaporation rate) and the vapor 
pressure of most chemicals roughly doubles for every 
10°C increase in the temperature of the liquid producing 
the vapor. The actual vapor pressure of the 2-BE and PG 
likely varied by less than a factor of two between when 
the dispersant was first sprayed in late April and when 
spraying ended in mid-July. Finally, we assumed from 
unpublished research that the vapor pressure of the com-
ponents of a surfactant approached the vapor pressure 
of the pure component. If this is not the case, the results 
presented will have overestimated the actual exposures 
encountered in these activities.

A strength of this work is that the recognized models 
used here are credible and have been in use for over 
20 years. Although there were few quantitative measure-
ments available for us to validate our results, the models 
have been used in other situations where their perform-
ance has been compared with quantitative measurements. 
Arnold et al. (2017a, b) provide evaluations of model 
performance for the near field model for ten exposure 
scenarios involving a range of particulate and chem-
ical contaminants. Contaminant concentrations ranged 
from low (<10% of the OEL) to high (>100% of the 
OEL). Those authors evaluated bias using the fractional 
(or normalized to make it dimensionless) bias equation. 
Fractional bias associated with the near field model es-
timates for the scenario with low exposure was 1.75, 
whereas the fractional bias for the scenarios with high 
exposures ranged from −1.28 to 0.91 (0 is considered 
as having no bias). Categorically, modeled exposure esti-
mates agreed with measured estimates for 9/10 exposure 
scenarios. Though limited in size, these results suggest that 
levels may be overestimated at low exposures, but at high 
exposures bias is fairly low. The predicted values are also 
consistent with estimates that are derived from exposure 
assessment guidelines found in Stenzel (2015).

Another strength is that the models allowed a range in 
input parameters that provided the flexibility to populate 
the potential activities associated with dispersant handling 
across a range of conditions. Almost 100 scenarios 
involving liquid transfers were evaluated here to inform 
exposure levels possibly encountered by OSRC workers. 
Exposures from being in a sprayed area were also assessed, 
although this scenario was not very likely. Additionally, we 
performed Monte Carlo simulations that allowed for un-
certainty in the input parameters for each scenario mod-
eled, which is particularly important when the precise 
parameters are not known. These simulations also allowed 
for an estimation of variability, as evidenced in the GSDs.
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These estimates were developed for the GuLF STUDY, 
an epidemiologic study investigating the potential adverse 
health effects arising from the OSRC work after the DWH 
disaster. Activities associated with OSRC work were pre-
dominately performed out of doors where there was likely 
some wind, so that the plume method was deemed to be the 
most applicable to the activities evaluated. Unfortunately, 
we combined maintained/worked on a pump with main-
tained/worked on a tank in our study questionnaire, so 
that we cannot distinguish which participants were doing 
each of those tasks. This lack of differentiation could result 
in overestimating exposure of the workers who performed 
the former and underestimating the exposures of those 
who performed the latter. Considering all the limitations 
described, there is not an obvious bias in one direction or 
the other that would suggest a substantial over or under-
estimation of exposures, but applying these exposure esti-
mates to risk assessments is not advised.

Conclusions

The quantity of dispersant used in the DWH response and 
clean-up effort was unprecedented, but there were few quan-
titative measurements related to handling of dispersant-
containing equipment. The use of publicly available and 
widely accepted exposure assessment models provided a 
mechanism to approximate exposure levels when handling 
this equipment. Modeled vapor exposure estimates for 
handling equipment containing the PG-containing dispers-
ants (COREXIT™ EC9500A and COREXIT™ EC9527A) 
suggested low exposures compared with occupational 
guidelines. Vapor concentrations for the 2-BE-containing 
dispersant (COREXIT™ EC9527A) could potentially have 
resulted in short duration (peak) overexposures. These re-
sults can be used in job-exposure matrices to categorize the 
exposures of participants in the GuLF STUDY.
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