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Abstract

Background: The 2010 Deepwater Horizon (DWH) oil spill involved thousands of workers and volun-
teers to mitigate the oil release and clean-up after the spill. Health concerns for these participants 
led to the initiation of a prospective epidemiological study (GuLF STUDY) to investigate potential 
adverse health outcomes associated with the oil spill response and clean-up (OSRC). Characterizing 
the chemical exposures of the OSRC workers was an essential component of the study. Workers on 
the four oil rig vessels mitigating the spill and located within a 1852 m (1 nautical mile) radius of 
the damaged wellhead [the Discoverer Enterprise (Enterprise), the Development Driller II (DDII), the 
Development Driller III (DDIII), and the Helix Q4000] had some of the greatest potential for chemical 
exposures.
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Objectives: The aim of this paper is to characterize potential personal chemical exposures via the in-
halation route for workers on those four rig vessels. Specifically, we presented our methodology and 
descriptive statistics of exposure estimates for total hydrocarbons (THCs), benzene, toluene, ethyl-
benzene, xylene, and n-hexane (BTEX-H) for various job groups to develop exposure groups for the 
GuLF STUDY cohort.
Methods: Using descriptive information associated with the measurements taken on various jobs 
on these rig vessels and with job titles from study participant responses to the study questionnaire, 
job groups [unique job/rig/time period (TP) combinations] were developed to describe groups of 
workers with the same or closely related job titles. A total of 500 job groups were considered for es-
timation using the available 8139 personal measurements. We used a univariate Bayesian model to 
analyze the THC measurements and a bivariate Bayesian regression framework to jointly model the 
measurements of THC and each of the BTEX-H chemicals separately, both models taking into account 
the many measurements that were below the analytic limit of detection.
Results: Highest THC exposures occurred in TP1a and TP1b, which was before the well was mech-
anically capped. The posterior medians of the arithmetic mean (AM) ranged from 0.11 ppm (‘Inside/
Other’, TP1b, DDII; and ‘Driller’, TP3, DDII) to 14.67 ppm (‘Methanol Operations’, TP1b, Enterprise). 
There were statistical differences between the THC AMs by broad job groups, rigs, and time periods. 
The AMs for BTEX-H were generally about two to three orders of magnitude lower than the THC 
AMs, with benzene and ethylbenzene measurements being highly censored.
Conclusions: Our results add new insights to the limited literature on exposures associated with oil 
spill responses and support the current epidemiologic investigation of potential adverse health ef-
fects of the oil spill.

Keywords:   Bayesian methods; benzene; BTEX; censored data; Deepwater Horizon; ethylbenzene; n-hexane; oil 
spill inhalation exposure; toluene; total hydrocarbons (THCs); xylene

Introduction

The Deepwater Horizon (DWH) drilling rig explosion 
on 20 April 2010 released nearly 780 000 cubic meters 
(m3) (4.9 million barrels) of crude oil into the Gulf of 
Mexico in the ensuing 3 months. More than 55 000 
workers were rostered as having been involved, or 
at least trained, in the oil spill response and clean-up 
(OSRC) (NIOSH, 2011). During the OSRC, many of 
these workers reported various acute health symptoms 
including headaches, nausea, lower and upper respira-
tory irritation, heat stress, mental and physical fatigue, 
and eye and skin irritation (NIOSH, 2010a,b; King and 
Gibbins, 2011). Health concerns for these participants 
led to the initiation of the GuLF Long-term Follow-up 
Study (GuLF STUDY), a prospective epidemiological 
study led by the National Institute of Environmental 
Health Sciences (NIEHS), to investigate possible short- 
and long-term adverse health effects experienced by the 
workers and volunteers who participated in the OSRC 
(Kwok et al., 2017).

Characterization of exposures is a critical component 
of any occupational epidemiological study because it al-
lows the investigation of exposure–disease relationships. 
Health studies from previous oil spills reported adverse 

health effects that include genotoxic damage, endocrine 
alterations to dermal and respiratory irritation, and de-
pressive symptoms (Aguilera et al., 2010; Laffon et al., 
2016), but many of these studies lacked quantitative es-
timates of chemical exposures. Even in studies that pre-
sented air monitoring results, few measurements were 
available (Campbell et al., 1993; Morita et al., 1999, 
Laffon et al., 2006; Pérez-Cadahía et al., 2006, 2007; 
Meo et al., 2009), and they were not used in the investi-
gation of quantitative exposure–response relationships.

The GuLF STUDY was designed, in part, to over-
come some limitations of earlier studies by developing 
quantitative estimates of exposure to oil-related compo-
nents as experienced by the OSRC workers. This paper 
focuses on a subset of the measurements, i.e. personal 
air measurements collected on the four oil rig ves-
sels that had primary responsibility for containing and 
mitigating the oil spill. The vessels were located within 
a 1852 m (one nautical mile) radius of the wellhead, 
where a substantial portion of the underwater oil being 
released rose to the water surface. The vessels were the 
Discoverer Enterprise (Enterprise), the Development 
Driller II (DDII), the Development Driller III (DDIII), 
and the Helix Q4000. Data from these measurements 

2� Annals of Work Exposures and Health, 2020, Vol. XX, No. XX D
ow

nloaded from
 https://academ

ic.oup.com
/annw

eh/advance-article/doi/10.1093/annw
eh/w

xaa072/5917552 by U
niversity of C

alifornia, Los Angeles user on 10 February 2021



are being reported because workers on these rig vessels 
encountered some of the highest exposures of the OSRC 
workers. Additionally, these workers were the only 
subpopulation of the study participants where job titles 
were routinely available, which allowed for a better rep-
resentation of full-shift exposures that consider the com-
bination of tasks worked and their duration.

Although crude oil contains a number of volatile 
compounds, six among these were selected for exposure 
assessment: total hydrocarbon (THC) measured as total 
petroleum hydrocarbons, benzene, toluene, ethylben-
zene, xylene, and n-hexane (referred to as BTEX-H). 
These six were chosen because they previously have been 
associated with neurological impairment and hemato-
logic (benzene and toluene) and carcinogenic (benzene) 
effects in health studies in non-oil spill contexts (ATSDR, 
1999a,b, 2004; ACGIH, 2018; USEPA, 2019). THC and 
the BTEX chemicals also had the largest number of 
measurements collected over the OSRC effort.

This study aims to characterize occupational inhal-
ation exposures of workers on these four rig vessels 
during the disaster response. Here, we describe our 
strategy for classifying job groups using the available 
air measurements collected for these six oil-related com-
pounds (i.e. THC and BTEX-H). We developed exposure 
descriptive statistics for the six chemicals using Bayesian 
methods and present those results. We compared the re-
sults for statistical differences. The estimates became the 
basis for the exposure assessment in the GuLF STUDY 
cohort. In addition, these exposure profiles may be 
useful to the occupational hygiene community, particu-
larly those working in the oil and gas exploration in-
dustry and disaster preparedness and response.

An overview of the entire exposure assessment for the 
study is presented by Stewart et al. (2020a). The strategy 
for developing exposure groups for the GuLF STUDY 
is described in Stenzel et al. (2020a). Estimates of in-
halation exposures to these six substances for workers 
performing other spill-related activities (Huynh et al., 
2020a,b; Groth et al., 2020a; Ramachandran et al., 
2020) and exposures to other substances [i.e. dispers-
ants (Arnold et al., 2020; Stenzel et al., 2020c), particu-
late matter 2.5 (PM2.5) (Pratt et al., 2020), and oil mist 
(Stewart et al., 2020b)] are presented elsewhere. Dermal 
exposures have also been described (Ng Gorman et al., 
n.d. 2019; Stewart et al., 2020b).

Background

On 20 April 2010 the DWH oil rig explosion and subse-
quent sinking of the rig damaged the underwater equip-
ment, including severing of the riser pipe that connected 

the DWH and the wellhead, allowing oil to be released. 
Within hours of the explosion, response vessels reached 
the DWH to search and rescue workers, fight the ensuing 
fire, and close the blowout preventer (BOP) on the top of 
the well. The BOP, however, malfunctioned and could not 
be closed. Within a week, the Enterprise and the DDIII 
arrived, with the Q4000 and DDII arriving a few weeks 
later. The Enterprise was situated directly above the well-
head and was responsible for capturing at least a por-
tion of the oil release. After the BOP failure, the next 
attempt to stop the spill involved putting a temporary 
containment dome over the BOP, but it was removed 
when it became plugged by methane hydrate crystals. The 
Responsible Party (RP) for the spill, as designated by the 
federal government, then inserted a 4-inch diameter tube 
into the end of the riser to divert the oil flow through the 
tube so that some of the oil and entrained gas could be 
collected by the Enterprise. The oil and gas were separ-
ated, and the oil was transferred to barges while the gas 
was flared. The Q4000, a multipurpose oil field construc-
tion and intervention vessel, pumped various materials 
through a manifold connected to the BOP to close the 
well at the Gulf floor, called a ‘top kill’ procedure, which 
also failed. The vessel also collected and flared oil and en-
trained gas through a manifold connected to the BOP. The 
RP finally installed a new BOP over the damaged well, 
which stopped the oil release, on 15 July 2010. The DDII 
and DDIII each drilled a relief well to ‘bottom kill’ the 
damaged well (i.e. plug the well deep under the Gulf floor) 
(The U.S. Commission on the BP Deepwater Horizon Oil 
Spill and Offshore Drilling, 2011; USCG, 2011).

Methods

Data collection
Contractors to the RP monitored rig personnel to assess 
exposures to jobs identified as having the highest poten-
tial for exposure. A total of 1554 personal exposure sam-
ples were collected on rig vessel workers and analyzed 
for 5–11 analytes, resulting in 13 241 personal measure-
ments for the various chemicals. The measurements were 
collected using organic vapor badges (3M 3500 or 3520, 
or Assay Technology 521). All badges were analyzed 
using a gas chromatograph with a high flame ionization 
detector (Stenzel et al., 2020b) for THC (measured as 
total petroleum hydrocarbons) and BTEX-H. The total 
petroleum hydrocarbon analytical method reports the 
THC concentration as n-hexane and primarily measured 
hydrocarbons with boiling points that range from 36 
to 216°C. Chemicals ranged from C5, n-pentane (vapor 
pressure of 514 torr at 25°C) to C12, n-dodecane (vapor 
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pressure of 0.135 torr at 25°C). The types of hydro-
carbon molecules included in the THC analysis can be 
branched, straight-chain, and/or cyclic in structure, sat-
urated or unsaturated, and aromatic or non-aromatic. 
Oxygen-containing chemicals with boiling points in 
the above pressure range, such as alcohols, ketones, es-
ters, aldehydes, and ethers, can also contribute to the 
THC concentration, but usually at a lower sensitivity 
than that observed for THC. Of the 1554 badges, 1017 
were also analyzed for n-hexane, heptane, cyclohexane, 
trimethylbenzenes, and tetrahydrofuran. We excluded 
tetrahydrofuran from our analysis here because virtu-
ally all measurements (>99%) were censored. We also 
excluded cyclohexane, heptane, and trimethylbenzenes 
measurements because these analytes were not included 
in the GuLF STUDY protocol due to their lower toxicity 
as compared with the analytes included. The duration 
of the samples varied from less than 1 h to more than 
24 h. We excluded samples (n = 60 samples, 457 meas-
urements) with duration <4 h and >18 h to better reflect 
full work-shift exposures (8 to >12 h day−1). Finally, 58 
samples (387 measurements) were excluded because ei-
ther the RP indicated that the sample was not handled 
properly (e.g. the badge was not properly capped) or 
the sample description was either missing or too limited 
to assign the sample to a job. After exclusions the final 
count was 1436 samples (8139 measurements).

A substantial percentage of these rig measurements 
(~82%) were at or below the limits of detection (LOD) 
reported by the analytical laboratories, which calibrated 
their LODs to reflect compliance with the occupational 
exposure limits used by the RP (Stenzel et al. 2020b). 
Stenzel et al. (2020b) recalculated the measurements 
to reflect the analytic methods’ true LODs, which re-
sulted in THC’s censoring being reduced from 52.2 to 
23.7%, benzene’s from 97.9 to 92.4%, toluene’s from 
85.3 to 37.1%, ethylbenzene’s from 90.9 to 53.0%, 
xylene’s from 85.0 to 40.8%, and n-hexane’s from 80.8 
to 49.1%.

Classification of job groups
Job groups is the term we use in this manuscript to 
generally describe groups of workers with the same or 
closely related job titles. The job groups were developed 
from the measurements’ descriptive information and had 
to satisfy three criteria. The first was the assignment of 
measurements to the level of detail of the job titles pro-
vided by the GuLF STUDY participants in a telephone 
interview. The second criterion was to differentiate ex-
posure levels across jobs. To achieve this goal, we used 
three exposure determinants to classify the measurement 

data: job title, rig vessel, and time period (see below, this 
section). Thus, a job group is a unique job title/rig/time 
period combination that places greater weight on spe-
cificity of the jobs than precision of the measurements. 
The third criterion required that each group have at least 
five measurements and <80% censoring (Huynh et al., 
2016). About 500 unique job groups (130 job/rig groups 
× 4 time periods) were developed across the four ves-
sels. Some jobs were present on multiple vessels, whereas 
others were unique to a particular vessel.

Using the measurement records and the interview 
responses of the study participants for the job titles, 
a hierarchy of job groups was established for each 
vessel. Fig. 1 shows a hierarchy of selected jobs on the 
Enterprise as an example. Broad groups were devel-
oped for workers with less specific job information (in 
particular, for study participants who did not provide a 
job title), with more specific jobs identified within the 
broad groups. After the broadest group on each vessel 
(i.e. ‘All groups’, tier 1), the next highest tier 2 refers to 
the working location on the vessels where the job spent 
most of the work shift, i.e. ‘Inside’ (living quarters and 
offices) or ‘Outside’. Under the ‘Outside’ tier was tier 3: 
‘Crew’, which describes those jobs generally responsible 
for the everyday function of the vessel; ‘Operations’, 
which refers to those jobs generally working on the oil 
spill response; and ‘IH/Safety’, which denotes workers 
whose tasks involved monitoring other workers’ ex-
posures and/or ensuring the safety of all people on the 
vessels. Tier 4 comprises individual jobs under crew, op-
erations, and inside (see Supplementary Materials (SM), 
available at Annals of Work Exposures and Health on-
line for a description of the individual jobs).

Exposure estimates were developed for five time 
periods to reflect key events that were expected to have 
had a substantial impact on the rig workers’ exposures:

	•	 Time Period 1a (TP1a) (22 April–14 May 2010). 
Oil flowed from the well into the Gulf of Mexico. 
Attempts to stop the flow by activating the BOP were 
unsuccessful. On 2 May, the DDIII initiated drilling 
of the first relief well. The Enterprise began capturing 
some of the leaking oil. Limited testing of subsea in-
jection of dispersants 1524 m (5000 feet) below the 
water surface and vessel spraying of dispersants on 
the water surface were done to enhance decompos-
ition, dispersion, and evaporation of the oil.

	•	 Time Period 1b (TP1b) (15 May–15 July 2010). Oil 
continued to flow from the well. Dispersants were 
routinely injected below the water surface (subsea in-
jection) starting 15 May and continued to be sprayed 
on the water surface. Both the Enterprise and the 
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Q4000 began flaring captured gas (Enterprise) and 
oil and gas (Q4000) in large quantities. The DDII 
began drilling the second relief well on 16 May. 
The well was mechanically capped on 15 July by 
replacing the damaged BOP. From then on, little oil 
was released from the wellhead.

	•	 Time Period 2 (TP2) (16 July–10 August 2010). On 
4 August, the RP accomplished the ‘static kill’ of the 
well (i.e. pumped ‘heavy mud’ into the top 1524 m 
of the damaged well casing, followed, a day later, 
by pumping cement, which relieved pressure on the 
well). By 10 August, after several days of testing, the 
effort was deemed a success. Drilling of the two re-
lief wells continued, and the vessels continued per-
forming activities associated with the response effort.

	•	 Time Period 3 (TP3) (11 August–30 September 
2010). Drilling continued on the two relief wells. 
The DDIII intersected the damaged well at ~5487 
m (18 000 feet) below the Gulf water surface on 15 
September. On 16 September, the RP began pumping 
cement into the base of the well, and the well was 
declared successfully sealed on 19 September. Final 
activities included removal or repositioning of 

underwater equipment, decontamination of the ves-
sels and related equipment, and refurbishing of the 
vessels in preparation for their next assignment. The 
Q4000 left the area around 10 September.

	•	 Time Period 4 (TP4) (1 October 2010–31 December 
2010). Removal or repositioning of underwater 
equipment, decontamination of the vessels and re-
lated equipment, and refurbishing of the vessels in 
preparation for their next assignment likely con-
tinued on the remaining three rig vessels until they 
were decommissioned from the response effort. The 
rig vessels then left the area. No personal samples 
were collected on rig vessels during this time period. 
The same job groups were used for all six chemicals.

Statistical analysis using Bayesian approach
For estimating THC exposures, we used a univariate 
Bayesian framework that accounted for censored data. 
We modeled the natural log (ln) of THC using a normal 
distribution with a mean  (µ) and variance  (σ) that 
were estimated from the data (accounting for censored 
data). Bayesian methods require the use of statistical 
priors [such as μ or ln(GM) (geometric mean) and σ or 

Figure 1.  Hierarchy of selected job groups on the Enterprise. Tiers 1–4 represent the levels of job classification from broad to 
most specific. See Supplementary Materials, available at Annals of Work Exposures and Health online for a description of indi-
vidual job groups.
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ln(GSD) (geometric standard deviation)] to inform the 
model. We specified the following uniform (Unif) priors 
for µ(ln(GM)) and σ(ln(GSD)): µ ~ Unif(ln 0.025, ln 
50) and σ ~ Unif(ln 1.1, ln 12). The minimum for µ was 
set at ln(0.025), a ~28% reduction of the lowest LOD 
among the THC measurements (0.035 ppm). The max-
imum µ was based on the RP’s policy of taking various 
actions to reduce workers’ exposures when continuous 
levels of volatile organic compounds, as measured by 
direct-reading instruments on the rig vessels, exceeded 
100 ppm (equivalent to 80 ppm THC) for 15 min. 
Therefore, the upper GM prior was conservatively spe-
cified as 50 ppm THC as a full-shift exposure. Because 
a geometric standard deviation (GSD) cannot be lower 
than 1, 1.01 was defined as the minimum GSD. The 
maximum GSD, 12, was set based on actual experience 
and existing literature that most stable work setting 
GSDs are in the range of 2–4 (Kromhout et al., 1993; 
Symanski et al., 2006).

Finally, we ran 5000 iterations of the model to obtain 
a distribution of the GM and GSD and used them to de-
rive the arithmetic mean (AM) and 95th percentile for 
each job group.

To estimate BTEX-H levels, we used a bivariate 
Bayesian regression framework to jointly model THC 
and each of the BTEX-H chemicals individually (Groth 
et al., 2017, 2018). This approach allowed us to use 
THC, which had the lowest amount of censoring, to 
predict exposures for each of the BTEX-H chemicals 
using a simple linear regression relationship of the 
ln-transformed values while accounting for censoring in 
both the response (each of the BTEX-H chemicals) and 
the predictor (THC). The priors in this model, which 
helped inform the estimation of the regression parameters 
and censored values, were based on the relation between 
THC and the respective chemical (Groth et al., 2020b). 
Once the prior information had been incorporated, we 

ran the bivariate linear modeling framework on each 
job group, for each BTEX-H chemical separately regard-
less of censoring. Because 33% of the samples on the rig 
vessels analyzed for THC and the BTEX chemicals were 
not analyzed for n-hexane in TP1a and part of TP1b, 
we also estimated the missing n-hexane measurements 
in TP1a–b using the bivariate linear regression relation-
ship between THC and n-hexane from TP1b. After run-
ning the final model 25 000 times for each job group, we 
obtained a distribution of 25 000 iterations of the GM 
and the GSD and converted these to the AM, and 95th 
percentile for the BTEX-H chemicals. From the 25 000 
iterations of these statistics, we derived the posterior me-
dians and the 95% credible intervals (95% CIs) for each 
statistic. All statistical procedures were conducted using 
R and RJAGS (R Core Team, 2015; Plummer, 2003). 
More detail on the statistical methods is found in the 
Supplemental Materials, available at Annals of Work 
Exposures and Health online of Stewart et al. (2020a).

Statistically significant differences between the THC 
AMs for the broad job groups were determined by non-
overlapping 95% CI.

Results

Between 207 and 449 (total N = 1436) samples were 
collected on workers on each of the rig vessels, analyzed 
for THC and the BTEX chemicals (Table 1) and met the 
study inclusion criteria. The level of censoring across 
the chemicals varied from 11 to 96.2%, depending on 
the vessel and chemical. n-Hexane was collected on the 
same 1436 badges, but it was not included in the ana-
lyses until 26 May 2010, resulting in a total across the 4 
rigs of 959 measurements that met the inclusion criteria. 
The missing 477 n-hexane measurements were derived 
from the relationship between THC and n-hexane in 
TP1b and were incorporated into the summary statistics.

Table 1.  Number of measurements and percent censoring by rig vessel and analyte. The total number of measurements 
for THC, BTEX-H is 8139.

Drilling rig vessel N THC Benzene Toluene Ethylbenzene Xylene n-Hexanea

% ≤ LOD N % ≤ LOD

DDII 343 34.1 96.2 58.3 61.5 50.7 200 75.0

DDIII 449 29.8 94.9 24.5 36.7 34.1 287 45.3

Enterprise 437 11.0 87.0 35.5 58.1 40.7 275 21.5

Q4000 207 19.8 92.3 32.9 63.3 39.1 197 67.0

Total 1436 23.7 92.4 37.1 53.0 40.8 959 49.1

THC, total petroleum hydrocarbons.
an-Hexane samples before imputation of n-hexane samples for TP1a.
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Tables 2–6 display the median posterior estimates 
of the AMs, GMs, GSDs, 95th percentiles, and their 
95% CIs for THC, toluene, ethylbenzene, xylene, and 
n-hexane for broad job groups on the four rig vessels. 
There were few groups for benzene that met the cri-
teria, so they are not presented. The median posterior 
estimates for all job groups, rigs, and time periods that 
met the sample size and censoring criteria can be found 
in the SM, available at Annals of Work Exposures and 
Health online (including benzene). THC estimates are re-
ported in parts per million (ppm) and BTEX-H in parts 
per billion (ppb). It should be noted that estimates for 
THC and BTEX-H in the tables and in the SM, available 
at Annals of Work Exposures and Health online are all 
posterior medians (including for jobs that have all meas-
urements above the LOD).

THC estimates
The highest exposure levels in any time period for the 
broad job groups presented in Table 2 were observed on 
the DDIII in TP1a and on the Enterprise in TP1b. Both 
of these time periods were before the well was mechan-
ically capped at the end of TP1b (Table 2). The posterior 
medians of the AM across the time periods across both 
the broad and specific job groups presented in the SM, 
available at Annals of Work Exposures and Health on-
line ranged from 0.11 ppm (‘Inside/Other’, TP1b and 
‘Driller’, TP3) to 5.26 ppm (‘Remotely Operated Vehicles 
(ROV) tech’, TP3) on the DDII; 0.12 ppm (‘Welder’, 
TP3) to 7.40 ppm (‘ROV tech’, TP1a) on the DDIII; 
0.12 ppm (‘All groups’, TP3) to 14.67 ppm (‘Methanol 
Operations’, TP1b) on the Enterprise; and 0.28 ppm 
(‘Roustabout’, TP2) to 3.49 ppm (‘Operations’, TP1b) 
on the Q4000 (SM, available at Annals of Work 
Exposures and Health online, Table 1). There were many 
outside jobs, and the exposure estimates varied substan-
tially, whereas the inside jobs generally had fewer jobs 
and less variability (SM, available at Annals of Work 
Exposures and Health online). The posterior medians 
of the GSD for THC across all time periods and vessels 
ranged from 1.4 (‘Well tester’, Enterprise, TP1b) to 9.8 
(‘Methanol Operations’, Enterprise, TP1b), and 28% of 
the GSDs were greater than 6.

Statistical differences among the broad job groups 
by time period were found among the THC AMs on 
the various rig vessels. The AM in TP1a was statistically 
greater than that in TP1b for workers on the DDIII (‘All 
groups’, 5.21, 95% CI 2.75, 11.02 ppm, TP1a versus 
0.95, 95% CI 0.77, 1.21 ppm, TP1b; and ‘Outside crew’, 
3.70, 95% CI 1.78, 9.34 ppm, TP1a versus 0.91, 95% 
CI 0.70, 1.26 ppm, TP1b). The AMs in TP1b were stat-
istically greater than the AMs in TP2 for workers on the 
DDII (‘All groups’, 1.08, 95% CI 0.80, 1.56 ppm, TP1b 

versus 0.34, 95% CI 0.22, 0.71 ppm, TP2; and ‘Outside 
crew’, 1.24, 95% CI 0.80, 2.28 ppm, TP1b versus 0.29, 
95% CI 0.18, 0.62 ppm, TP2); the DDIII (‘All groups’, 
0.95, 95% CI 0.77, 1.21 ppm, TP1b versus 0.34, 95% 
CI 0.22, 0.65 ppm, TP2; and ‘Outside crew’, 0.91, 95% 
CI 0.70, 1.26 ppm, TP1b versus 0.16, 95% CI 0.09, 
0.45 ppm, TP2); the Enterprise (‘All groups’, 5.61, 95% 
CI 4.27, 7.62 ppm, TP1b versus 0.45, 95% CI 0.36, 
0.59 ppm, TP2; and ‘Outside crew’, 6.09, 95% CI 4.17, 
9.63 ppm, TP1b versus 0.46, 95% CI 0.38, 0.60 ppm, 
TP2); and the Q4000 (‘All groups’, 2.66, 95% CI 1.54, 
5.25 ppm, TP1b versus 0.50, 95% CI 0.36, 0.79 ppm, 
TP2). TP1b’s AMs were also statistically greater than 
those in TP3 for ‘All groups’ and ‘Outside crew’ on the 
DDIII (0.95, 95% CI 0.77, 1.21 ppm and 0.91, 95% 
CI 0.70, 1.26 ppm versus 0.28, 95% CI 0.19, 0.48 ppm 
and 0.30, 95% CI 0.17, 0.84 ppm, respectively). The 
Enterprise ‘Inside crew’ AM in TP1b was significantly 
lower than that of the ‘Outside crew’ (0.95, 95% CI 
0.56, 2.82 ppm versus 6.09, 95% CI 4.17, 9.63 ppm) 
and ‘Outside operations’ (5.51, 95% CI 3.79, 8.93 ppm).

There were also statistical differences among the rigs. 
For ‘All groups’ in TP1b, the Enterprise AM was greater 
than the AMs for the DDII and DDIII (5.61, 95% CI 
4.27, 7.62 ppm versus 1.08, 95% CI 0.80, 1.56 ppm 
and 0.95, 95% CI 0.77, 1.21 ppm, respectively), and the 
Q4000 AM was greater than that for the DDIII (2.66, 
95% CI 1.54, 5.25 ppm versus 0.95, 95% CI 0.77, 
1.21 ppm). Both the ‘Operations’ and ‘Outside crew’ 
AMs on the Enterprise also were greater than the cor-
responding AMs on the DDII and DDIII (5.41, 95% 
CI 3.68, 8.45 ppm and 6.09, 95% CI 4.17, 9.63 ppm 
versus 1.13, 95% CI 0.65, 2.60 ppm and 1.24, 95% CI 
0.80, 2.28 ppm on the DDII and 1.12, 95% CI 0.62, 
2.94 ppm and 0.91, 95% CI 0.70, 1.26 ppm on the 
DDIII, respectively). We found few statistical differences 
among the broad groups or among the specific job titles 
on an individual rig within a time period.

BTEX and n-hexane estimates
Tables  3–6 (and SM, available at Annals of Work 
Exposures and Health online, Tables 2–6) show the pos-
terior medians of the AMs, GMs, GSDs, and 95th iles 
and their 95% CI for toluene, ethylbenzene, xylene, 
and n-hexane. Benzene estimates are shown in Table 6 
of the SM, available at Annals of Work Exposures and 
Health online. BTEX-H estimates were generally about 
two to three orders of magnitude lower than the THC 
estimates. The posterior medians of the AMs for toluene 
ranged from 1.06 ppb (‘Outside crew’, Enterprise, TP3) 
to 107.4 ppb (‘IH-safety’, DDIII, TP1b) across all jobs, 
rigs, and time periods. Similarly, ethylbenzene AM pos-
terior medians ranged from 0.79 ppb (‘Well tester’, 
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Enterprise, TP1b) to 44.68 ppb (‘Outside operations’, 
DDIII, TP1a). The posterior medians of the AMs for 
xylene ranged from 1.89 ppb (‘Driller’, DDII, TP2) to 
186.53 ppb (‘Methanol Operations’, Enterprise, TP1b). 

Hexane AM posterior medians were between 0.51 ppb 
(‘Outside operations’, DDII, TP3) and 482.15 ppb 
(‘Outside crew’, Enterprise, TP1b). The posterior me-
dians of the AMs for benzene ranged from 0.19 ppb 

Table 2.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppm) and GSD  
(95% CI) for THC for broad job groups on the four rig vessels across four time periods (22 April 2010–30 September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 26 1.08  

(0.80, 1.56)

4.7  

(4.0, 5.8)

58 47 0.34  

(0.22, 0.71)

4.1  

(3.0, 6.8)

70 51 0.54  

(0.28, 1.22)

6.9  

 (4.5, 

11.2)

IH-safety     9 44 0.72  

(0.19, 4.01)

7.7  

(3.6, 11.7)

        

Inside     21 29 0.71  

(0.37, 2.22)

4.0  

(2.6, 8.8)

        

Outside crew     96 24 1.24  

(0.80, 2.28)

5.2  

(4, 7.2)

40 45 0.29  

(0.18, 0.62)

3.7  

(2.6, 6.5)

42 52 0.27  

(0.15, 0.73)

4.7  

(3.0, 9.7)

Outside operations     48 27 1.27  

(0.71, 3.05)

5.0  

(3.6, 8.3)

8 50 0.64  

(0.17, 3.73)

6.8  

(3.0, 11.7)

17 47 1.31  

(0.44, 4.53)

9.1  

(5.2, 11.8)

DDIII

All groups 88 33 5.21  

(2.75, 11.02)

7.5  

(5.3, 11.0)

218 18 0.95  

(0.77, 1.21)

3.4  

(3.0, 4)

49 41 0.34  

(0.22, 0.65)

3.6  

(2.7, 5.8)

75 55 0.28  

(0.19, 0.48)

3.9  

(2.8, 6.2)

IH-safety     19 11 0.85  

(0.56, 1.67)

2.6  

(2, 4.2)

9 11 0.74  

(0.35, 3.52)

3.3  

(2.1, 8.7)

20 55 0.38  

(0.17, 1.44)

5.1  

(2.7, 10.8)

Inside     19 16 0.96  

(0.51, 3.12)

3.6  

(2.5, 7.5)

9 33 0.36  

(0.17, 1.73)

3.3  

(1.8, 9.6)

15 60 0.18  

(0.09, 0.65)

3.4  

(1.9, 9.5)

Outside crew 52 38 3.70  

(1.78, 9.34)

7.7  

(5.0, 11.5)

138 17 0.91  

(0.70, 1.26)

3.4  

(2.9, 4.2)

22 55 0.16  

(0.09, 0.45)

3.1  

(2.0, 8.4)

24 42 0.30  

(0.17, 0.84)

3.6  

(2.4, 8.2)

Outside operations 32 28 6.59  

(2.67, 19.72) 

7.5  

(4.6, 11.5) 

31 26 1.12  

(0.62, 2.94)

4.2  

(2.9, 7.5)

7 43 0.42  

(0.13, 2.70)

5.4  

(2.4, 11.4)

6 50 0.50  

(0.12, 3.45)

6.9  

(2.8, 11.7)

Enterprise

All groups 22 5 3.20  

(1.69, 9.79)

4.0  

(2.8, 7.3)

353 7 5.61  

(4.27, 7.62)

5.7  

(5.0, 6.6)

31 3 0.45  

(0.36, 0.59)

1.8  

(1.6, 2.2)

24 75 0.12  

(0.07, 0.39)

4.0  

 (2.2, 9.8)

IH-safety     11 18 5.09  

(1.36, 23.45)

8.2  

(4.4, 11.8)

        

Inside     7 0 0.95  

(0.56, 2.82)

2.1  

(1.5, 5.2)

        

Outside crew 16 0 2.36  

(1.37, 5.74)

2.9  

(2.1, 5.1)

189 10 6.09  

(4.17, 9.63)

6.2  

(5.2, 7.8)

28 0 0.46  

(0.38, 0.60)

1.7  

(1.5, 2.1)

16 69 0.15  

(0.07, 0.56)

4.3  

(2.2, 10.7)

Outside operations 6 17 4.05  

(0.80, 26.57)

7.7  

(3.8, 11.7)

132 5 5.51  

(3.79, 8.93)

5.2  

(4.3, 6.6)

        

Q4000

All groups     120 28 2.66  

(1.54, 5.25)

7.3  

(5.6, 10.3)

34 15 0.50  

(0.36, 0.79)

2.5  

(2.0, 3.4)

23 4 1.07  

(0.60, 2.74)

3.5  

(2.6, 6.0)

Outside crew     69 32 2.15  

(1.08, 4.93)

7.5  

(5.3, 11.3)

32 12 0.51  

(0.37, 0.77)

2.4  

(2.0, 3.3)

20 5 1.14  

(0.59, 3.14)

3.8  

(2.7, 7.3)

Outside operations     38 29 3.49  

(1.47, 9.94)

8.3  

(5.1, 11.7)

        

N, number of samples; % cens, percentage of censoring. Time Period 1a (22 April–14 May 2010) had limited measurements. The absence of a row for a  

particular broad job group indicates no measurements were collected or that it may have few measurements (N < 5) or level of censoring >80%.
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(‘Outside crew’, DDII, TP2) to 40.86 ppb (‘Ship officer’, 
Enterprise, TP1b). Posterior medians for the GSD varied 
substantially for all chemicals (percent of GSD estimates 
>6 were 33% for toluene, 41% for ethylbenzene, 47% 
for xylene, 75% for n-hexane, and 87% for benzene). 

The overall patterns of statistical differences among the 
broad job groups observed for THC on the various rigs 
and in the various time periods generally were seen for 
the BTEX-H estimates where sufficient measurements 
existed.

Table 2.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppm) and GSD  
(95% CI) for THC for broad job groups on the four rig vessels across four time periods (22 April 2010–30 September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 26 1.08  

(0.80, 1.56)

4.7  

(4.0, 5.8)

58 47 0.34  

(0.22, 0.71)

4.1  

(3.0, 6.8)

70 51 0.54  

(0.28, 1.22)

6.9  

 (4.5, 

11.2)

IH-safety     9 44 0.72  

(0.19, 4.01)

7.7  

(3.6, 11.7)

        

Inside     21 29 0.71  

(0.37, 2.22)

4.0  

(2.6, 8.8)

        

Outside crew     96 24 1.24  

(0.80, 2.28)

5.2  

(4, 7.2)

40 45 0.29  

(0.18, 0.62)

3.7  

(2.6, 6.5)

42 52 0.27  

(0.15, 0.73)

4.7  

(3.0, 9.7)

Outside operations     48 27 1.27  

(0.71, 3.05)

5.0  

(3.6, 8.3)

8 50 0.64  

(0.17, 3.73)

6.8  

(3.0, 11.7)

17 47 1.31  

(0.44, 4.53)

9.1  

(5.2, 11.8)

DDIII

All groups 88 33 5.21  

(2.75, 11.02)

7.5  

(5.3, 11.0)

218 18 0.95  

(0.77, 1.21)

3.4  

(3.0, 4)

49 41 0.34  

(0.22, 0.65)

3.6  

(2.7, 5.8)

75 55 0.28  

(0.19, 0.48)

3.9  

(2.8, 6.2)

IH-safety     19 11 0.85  

(0.56, 1.67)

2.6  

(2, 4.2)

9 11 0.74  

(0.35, 3.52)

3.3  

(2.1, 8.7)

20 55 0.38  

(0.17, 1.44)

5.1  

(2.7, 10.8)

Inside     19 16 0.96  

(0.51, 3.12)

3.6  

(2.5, 7.5)

9 33 0.36  

(0.17, 1.73)

3.3  

(1.8, 9.6)

15 60 0.18  

(0.09, 0.65)

3.4  

(1.9, 9.5)

Outside crew 52 38 3.70  

(1.78, 9.34)

7.7  

(5.0, 11.5)

138 17 0.91  

(0.70, 1.26)

3.4  

(2.9, 4.2)

22 55 0.16  

(0.09, 0.45)

3.1  

(2.0, 8.4)

24 42 0.30  

(0.17, 0.84)

3.6  

(2.4, 8.2)

Outside operations 32 28 6.59  

(2.67, 19.72) 

7.5  

(4.6, 11.5) 

31 26 1.12  

(0.62, 2.94)

4.2  

(2.9, 7.5)

7 43 0.42  

(0.13, 2.70)

5.4  

(2.4, 11.4)

6 50 0.50  

(0.12, 3.45)

6.9  

(2.8, 11.7)

Enterprise

All groups 22 5 3.20  

(1.69, 9.79)

4.0  

(2.8, 7.3)

353 7 5.61  

(4.27, 7.62)

5.7  

(5.0, 6.6)

31 3 0.45  

(0.36, 0.59)

1.8  

(1.6, 2.2)

24 75 0.12  

(0.07, 0.39)

4.0  

 (2.2, 9.8)

IH-safety     11 18 5.09  

(1.36, 23.45)

8.2  

(4.4, 11.8)

        

Inside     7 0 0.95  

(0.56, 2.82)

2.1  

(1.5, 5.2)

        

Outside crew 16 0 2.36  

(1.37, 5.74)

2.9  

(2.1, 5.1)

189 10 6.09  

(4.17, 9.63)

6.2  

(5.2, 7.8)

28 0 0.46  

(0.38, 0.60)

1.7  

(1.5, 2.1)

16 69 0.15  

(0.07, 0.56)

4.3  

(2.2, 10.7)

Outside operations 6 17 4.05  

(0.80, 26.57)

7.7  

(3.8, 11.7)

132 5 5.51  

(3.79, 8.93)

5.2  

(4.3, 6.6)

        

Q4000

All groups     120 28 2.66  

(1.54, 5.25)

7.3  

(5.6, 10.3)

34 15 0.50  

(0.36, 0.79)

2.5  

(2.0, 3.4)

23 4 1.07  

(0.60, 2.74)

3.5  

(2.6, 6.0)

Outside crew     69 32 2.15  

(1.08, 4.93)

7.5  

(5.3, 11.3)

32 12 0.51  

(0.37, 0.77)

2.4  

(2.0, 3.3)

20 5 1.14  

(0.59, 3.14)

3.8  

(2.7, 7.3)

Outside operations     38 29 3.49  

(1.47, 9.94)

8.3  

(5.1, 11.7)

        

N, number of samples; % cens, percentage of censoring. Time Period 1a (22 April–14 May 2010) had limited measurements. The absence of a row for a  

particular broad job group indicates no measurements were collected or that it may have few measurements (N < 5) or level of censoring >80%.
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Discussion

Our study characterizes exposures to select crude oil 
components for a set of broad job groups, as well as a 
list of specific jobs reported by the GuLF STUDY parti-
cipants on the four rig vessels during the DWH OSRC. 
Exposure levels across jobs, rigs, and time periods may 
have been influenced by a number of factors including 
the vessel’s arrival time to the well site, the function of 
the vessel, the job tasks, the location of the job on the 
rig, the physical and chemical properties of the chem-
icals, weathering effects that changed the composition 
of the oil, and possibly the presence of other chemicals 

being used in normal and abnormal operations occurring 
on the rigs.

Time period was an important determinant of expos-
ures. The Enterprise and the DDIII were the first two 
rig vessels to arrive at the wellhead, whereas the DDII 
and Q4000 arrived near the end of TP1a. The only rig 
measurements that met the N ≥ 5 study criteria in TP1a 
were collected on the DDIII and the Enterprise. The 
DDIII exposures to THC were not statistically different 
from those on the Enterprise in TP1a, which may simply 
reflect the background concentrations of the volatile 
chemicals prior to the application of dispersants. The 

Table 3.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD  

(95% CI) for toluene for broad job groups on the four rig vessels across four time periods (22 April 2010–30 September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 77 6.61  

(4.17, 11.30

8.2  

(5.7, 11.5)

58 33 16.98  

(10.46, 34.74)

4.5  

(3.4, 7.0)

70 29 16.54  

(10.84, 30.54)

4.3  

(3.3, 6.2)

Outside crew     96 78 6.51  

(3.46, 13.16)

8.7  

(5.6, 11.7)

40 28 18.53  

(10.72, 43.49)

4.4  

(3.2, 7.4)

42 36 15.08  

(8.11, 38.63)

5.1  

(3.5, 8.9)

Outside operations     48 71 7.01  

(3.23, 17.89)

7.7  

(4.5, 11.6)

8 25 21.22  

(6.23, 117.39)

5.7  

(2.9, 11.4)

17 24 19.67  

(8.19, 77.67)

5.2  

(3.1, 10.7)

DDIII

All groups 88 33 30.90  

(23.57, 43.77)

3.0  

(2.5, 3.9)

218 21 34.99  

(27.59, 46.55)

4.0  

(3.5, 4.7)

49 20 18.33  

(11.08, 37.64)

4.4  

(3.3, 6.5)

75 23 40.14  

(25.09, 76.13)

4.9  

(3.8, 7.0)

IH-safety     19 5 107.4  

(62.12, 247.70)

3.2  

(2.4, 5.3)

9 0 76.12  

(31.27, 335.11)

3.8  

(2.5, 8.8)

20 25 106.10  

(38.55, 374.50)

7.5  

(4.3, 11.6)

Inside     19 16 12.08  

(7.22, 26.91)

2.9  

(2.2, 5.0)

9 33 7.16  

(3.05, 31.28)

3.5  

(2.1, 9.4)

15 33 23.26  

(8.74, 94.59)

5.8  

(3.4, 11.1)

Outside crew 52 37 28.83  

(20.14, 48.31)

3.2  

(2.5, 4.7)

138 26 24.96  

(19.18, 34.52)8

3.6  

(3.1, 4.4)

22 27 5.42  

(3.38, 10.92)

2.9  

(2.2, 4.7)

24 17 24.85  

(13.04, 69.51)

4.2  

(2.9, 7.6)

Outside operations 32 28 39.43  

(24.64, 80.42)

3.4  

(2.5, 5.4)

31 16 38.29  

(21.88, 89.58)

3.9  

(2.9, 6.5)

7 0 26.44  

(8.51, 151.35)

4.6  

(2.7, 10.6)

6 17 49.69  

(11.62, 319.47)

6.6  

(3.4, 11.6)

Enterprise

All groups 22 55 25.55  

(9.46, 88.35)

7.3  

(4.3, 11.6)

353 29 34.23  

(26.67, 45.96)

5.3  

(4.6, 6.2)

31 52 6.01  

(3.26, 14.63)

4.4  

(3.1, 7.8)

    

IH-safety     11 45 18.73  

(5.00, 90.95)

8.1  

(4.2, 11.8)

        

Inside     7 57 2.98  

(1.13, 9.66)

2.7  

(1.8, 6.7)

        

Outside crew 16 56 16.99  

(6.38, 64.99)

5.7  

(3.4, 10.8)

189 33 23.39  

(16.74, 35.16)

5.2  

(4.3, 6.4)

28 50 5.96  

(3.20, 14.70)

     

Outside operations 6 50 19.57  

(3.15, 143.16)

8.4  

(4.0, 11.8)

132 18 50.22  

(35.58, 77.25)

4.6  

(3.8, 5.7)

        

Q4000

All groups     120 39 31.88  

(19.00, 62.96)

7.0  

(5.2, 10.1)

34 21 18.05  

(9.40, 47.52)

4.9  

(3.5, 8.4)

23 26 7.09  

(3.98, 17.59)

3.6  

(2.6, 6.5)

Outside crew     69 42 44.36  

(21.71, 95.07)

9.1  

(6.2, 11.8)

32 19 18.21  

(9.51, 48.14)

4.9  

(3.4, 8.3)

20 30 7.89  

(3.97, 23.61)

4.1  

(2.8, 8.1)

Outside operations     38 37 15.43  

(8.79, 37.62)

4.3  

(3.0, 7.7)

        

See footnote, Table 2 for definitions.
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AM for ‘All groups’ and ‘Outside crew’ on the DDIII in 
TP1a were statistically greater than the same groups in 
TP1b; those on the Enterprise were not. This difference 
may indicate that the application of dispersants (injec-
tion and surface spraying) in TP1b was successful in re-
ducing exposures where there was less oil (the DDIII), 
but where the oil was greater (the Enterprise), dispersant 
application was less successful. It may also reflect on the 
Enterprise the intensive activity, especially dealing with 
oil-contaminated equipment, related to mitigating the 
spill, whereas on the DDIII and DDII, drilling the wells 
required contact with less oil-contaminated equipment. 

The DDIII started drilling the first relief well on 2 May 
2010 and the DDII the second relief well on 16 May 
2010. Although generally there was not much oil or gas 
vapor associated with the drilling process, crew mem-
bers on the DDII and DDIII were exposed to chemicals 
from the drilling process and the background vapors as-
sociated with being near the wellhead, likely resulting 
in these two rigs having similar exposures. Finally, the 
Enterprise also was processing hydrocarbons flowing 
up from the well, separating the oil from the entrained 
gas and water, and recovering the oil at a rate of ap-
proximately 1270 m3 day−1 (8000 barrels day−1) peaking 

Table 3.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD  

(95% CI) for toluene for broad job groups on the four rig vessels across four time periods (22 April 2010–30 September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 77 6.61  

(4.17, 11.30

8.2  

(5.7, 11.5)

58 33 16.98  

(10.46, 34.74)

4.5  

(3.4, 7.0)

70 29 16.54  

(10.84, 30.54)

4.3  

(3.3, 6.2)

Outside crew     96 78 6.51  

(3.46, 13.16)

8.7  

(5.6, 11.7)

40 28 18.53  

(10.72, 43.49)

4.4  

(3.2, 7.4)

42 36 15.08  

(8.11, 38.63)

5.1  

(3.5, 8.9)

Outside operations     48 71 7.01  

(3.23, 17.89)

7.7  

(4.5, 11.6)

8 25 21.22  

(6.23, 117.39)

5.7  

(2.9, 11.4)

17 24 19.67  

(8.19, 77.67)

5.2  

(3.1, 10.7)

DDIII

All groups 88 33 30.90  

(23.57, 43.77)

3.0  

(2.5, 3.9)

218 21 34.99  

(27.59, 46.55)

4.0  

(3.5, 4.7)

49 20 18.33  

(11.08, 37.64)

4.4  

(3.3, 6.5)

75 23 40.14  

(25.09, 76.13)

4.9  

(3.8, 7.0)

IH-safety     19 5 107.4  

(62.12, 247.70)

3.2  

(2.4, 5.3)

9 0 76.12  

(31.27, 335.11)

3.8  

(2.5, 8.8)

20 25 106.10  

(38.55, 374.50)

7.5  

(4.3, 11.6)

Inside     19 16 12.08  

(7.22, 26.91)

2.9  

(2.2, 5.0)

9 33 7.16  

(3.05, 31.28)

3.5  

(2.1, 9.4)

15 33 23.26  

(8.74, 94.59)

5.8  

(3.4, 11.1)

Outside crew 52 37 28.83  

(20.14, 48.31)

3.2  

(2.5, 4.7)

138 26 24.96  

(19.18, 34.52)8

3.6  

(3.1, 4.4)

22 27 5.42  

(3.38, 10.92)

2.9  

(2.2, 4.7)

24 17 24.85  

(13.04, 69.51)

4.2  

(2.9, 7.6)

Outside operations 32 28 39.43  

(24.64, 80.42)

3.4  

(2.5, 5.4)

31 16 38.29  

(21.88, 89.58)

3.9  

(2.9, 6.5)

7 0 26.44  

(8.51, 151.35)

4.6  

(2.7, 10.6)

6 17 49.69  

(11.62, 319.47)

6.6  

(3.4, 11.6)

Enterprise

All groups 22 55 25.55  

(9.46, 88.35)

7.3  

(4.3, 11.6)

353 29 34.23  

(26.67, 45.96)

5.3  

(4.6, 6.2)

31 52 6.01  

(3.26, 14.63)

4.4  

(3.1, 7.8)

    

IH-safety     11 45 18.73  

(5.00, 90.95)

8.1  

(4.2, 11.8)

        

Inside     7 57 2.98  

(1.13, 9.66)

2.7  

(1.8, 6.7)

        

Outside crew 16 56 16.99  

(6.38, 64.99)

5.7  

(3.4, 10.8)

189 33 23.39  

(16.74, 35.16)

5.2  

(4.3, 6.4)

28 50 5.96  

(3.20, 14.70)

     

Outside operations 6 50 19.57  

(3.15, 143.16)

8.4  

(4.0, 11.8)

132 18 50.22  

(35.58, 77.25)

4.6  

(3.8, 5.7)

        

Q4000

All groups     120 39 31.88  

(19.00, 62.96)

7.0  

(5.2, 10.1)

34 21 18.05  

(9.40, 47.52)

4.9  

(3.5, 8.4)

23 26 7.09  

(3.98, 17.59)

3.6  

(2.6, 6.5)

Outside crew     69 42 44.36  

(21.71, 95.07)

9.1  

(6.2, 11.8)

32 19 18.21  

(9.51, 48.14)

4.9  

(3.4, 8.3)

20 30 7.89  

(3.97, 23.61)

4.1  

(2.8, 8.1)

Outside operations     38 37 15.43  

(8.79, 37.62)

4.3  

(3.0, 7.7)

        

See footnote, Table 2 for definitions.
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at 2384 m3 day−1 (15 000 barrels day−1) for a few days 
(McNutt et al., 2011), which may have contributed to 
the higher exposures in TP1b. ‘All groups’ and ‘Outside 
crew’ generally had higher statistically significant 
THC means on the rigs in TP1b than in TP2 (and for 
the Enterprise and DDIII, than in TP3) despite efforts 
during TP1b to reduce exposures. An estimate of the oil 
flow rate out of the well was 7950 m3 day−1 (~50 000 
barrels day−1) (McNutt et al., 2011). Exposures fell in 
TP2 after the release was stopped on 15 July when the 
well was mechanically capped, likely because little fresh 
oil was rising to the surface and the existing surface oil 

had weathered to the degree that the concentration of 
volatiles was substantially reduced. In TP3, weathering 
continued to reduce the concentration of the volatile 
components, but statistical differences from TP2 gen-
erally were not observed, possibly because jobs may 
have been involved in decontaminating the vessels of oil 
(which may have increased exposures). Most BTEX-H 
exposures generally were very low compared with THC 
but reflected many of the same patterns among the broad 
job groups as observed for THC. Time period most likely 
serves as a proxy for the changing potential for exposure 
due to the spraying/injection of dispersants, the capping 

Table 4.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD  
(95% CI) for ethylbenzene for broad job groups on the four rig vessels across four time periods (22 April 2010–30  
September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 77 5.82  

(3.90, 9.83)

6.6  

(4.8, 9.8)

58 57 7.07  

(3.96, 16.74)

5.6  

(3.7, 9.9)

70 33 7.49  

(5.47, 11.61)

3.2  

(2.6, 4.4)

IH-safety                 

Outside crew     96 73 8.02  

(4.42, 16.55)

7.7  

(5.1, 11.4)

40 53 8.38  

(4.21, 23.04)

5.8  

(3.7, 10.6)

42 29 8.5  

(5.59, 15.60)

3.4  

(2.6, 5.1)

Outside operations     48 75 4.98  

(2.45, 12.92)

6.2  

(3.8, 11.1)

8 63 3.53  

(0.72, 20.69)

7.1  

(3.1, 11.7)

17 53 6.94  

(2.54, 27.92)

6.6  

(3.3, 11.6)

DDIII

All groups 88 53 36.82  

(22.35, 76.70)

5.5  

(3.8, 9.2)

218 28 12.89  

(10.31, 16.86)

3.7  

(3.2, 4.4)

49 31 10.97  

(6.53, 24.42)

4.5  

(32., 7.4)

75 45 6.05  

(4.32, 9.75)

3.5  

(2.8, 5.0)

IH-safety     19 11 8.32  

(5.57, 15.32)

2.4  

(1.8, 3.8)

9 11 14.91  

(5.38, 77.04)

4.6  

(2.7, 10.5)

20 40 6.15  

(3.32, 17.98)

3.6  

(2.3, 8.2)

Inside     19 5 11.40  

(8.12, 18.16)

2.1  

(1.8, 2.9)

9 11 24.04  

(9.65, 105.03)

4.0  

(2.5, 9.2)

15 47 6.99  

(3.22, 25.96)

4.2  

(2.5, 9.8)

Outside crew 52 54 32.54  

(18.41, 83.04)

5.3  

(3.4, 10)

138 35 12.76  

(9.31, 19.08)

4.3  

(3.5, 5.5)

22 45 6.3  

(2.72, 21.98)

5.5  

(3.1, 11.0)

24 42 8.51  

(4.09, 25.65)

5.0  

(3.2, 9.6)

Outside operations 32 56 44.68  

(19.16, 128.37)

7.4  

(4.2, 11.6)

31 32 12.18  

(6.65, 32.81)

4.4  

(2.9, 8.1)

7 29 7.29  

(2.03, 43.84)

5.5  

(2.7, 11.3)

6 67 3.43  

(0.67, 22.15)

5.9  

(2.8, 11.5)

Enterprise

All groups 22 68 14.19  

(4.91, 48.44)

8.5  

(4.7, 11.8)

353 53 22.02  

(15.48, 32.98)

8.0  

(6.6, 9.9)

        

IH-safety     11 64 10.64  

(2.45, 53.26)

9.3  

(5.1, 11.9)

        

Outside crew 16 75 7.84  

(2.42, 31.16)

6.5  

(3.7, 11.4)

189 53 26.96  

(16.30, 44.87)

9.6  

(7.2, 11.8)

        

Outside operations 6 50 14.31  

(2.30, 106.07)

8.3  

(3.9, 11.8)

132 48 17.83  

(11.28, 32.03)

6.4  

(5.1, 8.6)

        

Q4000

All groups     120 66 10.73  

(6.04, 20.38)

8.8  

(5.9, 11.7)

34 71 2.42  

(1.38, 5.49)

3.8  

(2.5, 7.9)

23 78 1.88  

(0.83, 5.24)

4.3  

(2.5, 10.2)

Outside crew     69 70 11.62  

(5.69, 24.93)

9.4  

(6.1, 11.9)

32 69 2.52  

(1.44, 5.58)

3.6  

(2.4, 7.6)

20 80 1.83  

(0.72, 5.66)

4.7  

(2.6, 10.6)

Outside operations     38 66 4.64  

(2.23, 13.00)

5.9  

(3.3, 11.2)

        

See footnote, Table 2 for definitions.
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of the wellhead, the differing tasks being performed and 
the weathering of oil (Stenzel et al., 2020b).

Rig vessel also was found to be a significant deter-
minant. The mean THC exposures on the Enterprise 
(‘All groups’, ‘Operations’, and ‘Outside crew’) in TP1b 
were statistically greater than the corresponding means 
on the DDII and DDIII, likely for reasons mentioned 
above. The Q4000 ‘All groups’ was also higher than the 
corresponding group on the DDIII. The former vessel, 
located close to the wellhead, assisted with the top kill 
operation and later was retrofitted to burn 1590 m3 
day−1 (10 000 barrels day−1) of the oil/gas mixture.

The only significant difference found across the broad 
job groups on a vessel in a time period was the ‘Inside’ 
jobs, which had a lower AM than the ‘Outside crew’ 
and ‘Outside operations’ on the Enterprise in TP1b. By 
policy, inside areas were required to have carbon filters 
on the air intakes and the inside areas be maintained 
under positive pressure, and therefore we expected lower 
exposures compared with those of people working out-
side. Although seen for the Enterprise, this was not seen 
on the DDII or DDIII. The inside jobs mainly included 
cooks and utility operators, housekeepers, laundry 
workers, and administrators; some of whom may have 

Table 4.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD  
(95% CI) for ethylbenzene for broad job groups on the four rig vessels across four time periods (22 April 2010–30  
September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 77 5.82  

(3.90, 9.83)

6.6  

(4.8, 9.8)

58 57 7.07  

(3.96, 16.74)

5.6  

(3.7, 9.9)

70 33 7.49  

(5.47, 11.61)

3.2  

(2.6, 4.4)

IH-safety                 

Outside crew     96 73 8.02  

(4.42, 16.55)

7.7  

(5.1, 11.4)

40 53 8.38  

(4.21, 23.04)

5.8  

(3.7, 10.6)

42 29 8.5  

(5.59, 15.60)

3.4  

(2.6, 5.1)

Outside operations     48 75 4.98  

(2.45, 12.92)

6.2  

(3.8, 11.1)

8 63 3.53  

(0.72, 20.69)

7.1  

(3.1, 11.7)

17 53 6.94  

(2.54, 27.92)

6.6  

(3.3, 11.6)

DDIII

All groups 88 53 36.82  

(22.35, 76.70)

5.5  

(3.8, 9.2)

218 28 12.89  

(10.31, 16.86)

3.7  

(3.2, 4.4)

49 31 10.97  

(6.53, 24.42)

4.5  

(32., 7.4)

75 45 6.05  

(4.32, 9.75)

3.5  

(2.8, 5.0)

IH-safety     19 11 8.32  

(5.57, 15.32)

2.4  

(1.8, 3.8)

9 11 14.91  

(5.38, 77.04)

4.6  

(2.7, 10.5)

20 40 6.15  

(3.32, 17.98)

3.6  

(2.3, 8.2)

Inside     19 5 11.40  

(8.12, 18.16)

2.1  

(1.8, 2.9)

9 11 24.04  

(9.65, 105.03)

4.0  

(2.5, 9.2)

15 47 6.99  

(3.22, 25.96)

4.2  

(2.5, 9.8)

Outside crew 52 54 32.54  

(18.41, 83.04)

5.3  

(3.4, 10)

138 35 12.76  

(9.31, 19.08)

4.3  

(3.5, 5.5)

22 45 6.3  

(2.72, 21.98)

5.5  

(3.1, 11.0)

24 42 8.51  

(4.09, 25.65)

5.0  

(3.2, 9.6)

Outside operations 32 56 44.68  

(19.16, 128.37)

7.4  

(4.2, 11.6)

31 32 12.18  

(6.65, 32.81)

4.4  

(2.9, 8.1)

7 29 7.29  

(2.03, 43.84)

5.5  

(2.7, 11.3)

6 67 3.43  

(0.67, 22.15)

5.9  

(2.8, 11.5)

Enterprise

All groups 22 68 14.19  

(4.91, 48.44)

8.5  

(4.7, 11.8)

353 53 22.02  

(15.48, 32.98)

8.0  

(6.6, 9.9)

        

IH-safety     11 64 10.64  

(2.45, 53.26)

9.3  

(5.1, 11.9)

        

Outside crew 16 75 7.84  

(2.42, 31.16)

6.5  

(3.7, 11.4)

189 53 26.96  

(16.30, 44.87)

9.6  

(7.2, 11.8)

        

Outside operations 6 50 14.31  

(2.30, 106.07)

8.3  

(3.9, 11.8)

132 48 17.83  

(11.28, 32.03)

6.4  

(5.1, 8.6)

        

Q4000

All groups     120 66 10.73  

(6.04, 20.38)

8.8  

(5.9, 11.7)

34 71 2.42  

(1.38, 5.49)

3.8  

(2.5, 7.9)

23 78 1.88  

(0.83, 5.24)

4.3  

(2.5, 10.2)

Outside crew     69 70 11.62  

(5.69, 24.93)

9.4  

(6.1, 11.9)

32 69 2.52  

(1.44, 5.58)

3.6  

(2.4, 7.6)

20 80 1.83  

(0.72, 5.66)

4.7  

(2.6, 10.6)

Outside operations     38 66 4.64  

(2.23, 13.00)

5.9  

(3.3, 11.2)

        

See footnote, Table 2 for definitions.
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gotten exposure from cleaning chemicals or oil from 
handling contaminated clothing. This difference may re-
flect the greater number of measurements on the DDII 
and DDIII on the former jobs than on the (presumably 
lower exposed) administrators. It is difficult to evaluate 
exposure sources for the ‘Outside crew’ and ‘Outside 

operations’ since there were a number of different jobs, 
some of which likely worked in other indoor locations 
(e.g. the engine room), and all spent time inside for meals 
and breaks. Nor were there many differences in specific 
job titles, possibly due to small numbers. In any case, be-
cause of the differences among the job groups, rigs, time 

Table 5.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD  
(95% CI) for xylene for broad job groups on the four rig vessels across four time periods (22 April 2010–30  
September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 63 24.63  

(16.40, 41.78)

6.8  

(5.1, 9.5)

58 43 22.15  

(12.11, 54.21)

5.8  

(3.9, 9.9)

70 34 21.93  

(14.47, 39.59)

4.1  

(3.2, 6.1)

IH-safety     9 67 21.91  

(4.24, 123.77)

8.8  

(4.4, 11.8)

        

Inside     21 67 14.37  

(7.04, 44.76)

4.1  

(2.4, 9.6)

        

Outside crew     96 58 30.38  

(17.03, 63.8)

7.3  

(5.1, 11.0)

40 43 27.18  

(13.02, 76.22)

6.4  

(4.1, 11.0)

42 29 25.72  

(15.36, 56.09)

4.2  

(3.1, 6.9)

Outside operations     48 65 19.41  

(9.29, 49.41)

7.3  

(4.4, 11.5)

8 50 10.12  

(2.11, 58.88)

7.3  

(3.1, 11.7)

17 53 21.72  

(7.15, 85.99)

8.1  

(4.2, 11.8)

DDIII

All groups 88 55 88.30  

(52.21, 190.06)

6.0  

(4.2, 9.7)

218 24 44.97  

(34.96, 60.62)

4.2  

(3.6, 5.0)

49 35 20.22  

(12.27, 42.78)

4.2  

(3.1, 6.8)

75 40 17.70  

(12.18, 29.78)

3.9  

(3.0, 5.5)

IH-safety     19 5 35.92  

(23.78, 65.44)

2.4  

(1.9, 3.7)

9 11 29.97  

(12.85, 140.10)

3.6  

(2.2, 9.2)

20 40 22.41  

(10.38, 79.66)

4.7  

(2.8, 10.5)

Inside     19 16 22.62  

(14.49, 46.10)

2.6  

(2.0, 4.3)

9 11 28.80  

(14.09, 94.22)

3.0  

(2.1, 6.5)

15 40 11.91  

(6.37, 34.82)

3.2  

(2.2, 7.1)

Outside crew 52 65 61.32  

(30.84, 154.18

6.8  

(4.2, 11.3)

138 28 45.70  

(32.25, 70.70)

4.7  

(3.8, 6.0)

22 55 9.48  

(4.33, 31.12)

5.0  

(2.9, 10.6)

24 38 23.98  

(11.23, 73.96)

5.3  

(3.4, 10.0)

Outside operations 32 41 120.38  

(56.01, 360.37)

5.8  

(3.6, 10.7)

31 26 50.02  

(26.55, 140.17)

4.6  

(3.1, 8.6)

7 43 14.67  

(3.35, 90.85)

6.4  

(2.8, 11.6)

6 33 23.40  

(5.07, 158.77)

6.6  

(3.1, 11.6)

Enterprise

All groups 22 68 53.00  

(17.54, 171.36)

9.6  

(5.9, 11.9)

353 38 134.56  

(94.19, 202.11)

8.4  

(7.1, 10.2)

31 16 11.56  

(8.29, 17.92)

2.4  

(2.0, 3.3)

    

IH-safety     11 45 68.02  

(16.75, 314.52)

9.4  

(5.3, 11.9)

        

Inside     7 57 10.02  

(4.10, 29.21)

2.6  

(1.8, 6.1)

        

Outside crew 16 75 24.4  

(7.22, 99.20)

7.2  

(4.2, 11.5)

189 42 158.53  

(96.86, 252.73)

10.4  

(8.1, 11.9)

28 14 11.75  

(8.39, 18.39)

2.4  

(2.0, 3.3)

    

OutsideoOperations 6 50 58.91  

(9.06, 439.84)

9.1  

(4.8, 11.9)

132 28 113.36  

(70.44, 204.28)

6.7  

(5.3, 8.8)

        

Q4000

All groups     120 50 58.02  

(32.88, 113.35)

8.1  

(5.8, 11.4)

34 15 16.66  

(12.90, 23.16)

2.1  

(1.8, 2.7)

23 57 12.71  

(5.77, 40.51)

5.3  

(3.1, 10.7)

Outside crew     69 55 57.35  

(27.96, 121.16)

9.2  

(6.1, 11.8)

32 13 17.04  

(13.16, 23.76)

2.1  

(1.8, 2.7)

20 60 11.71  

(4.91, 40.22)

5.7  

(3.2, 11.1)

Outside operations     38 50 36.59  

(16.39, 105.18)

7.0  

(4.3, 11.4)

        

See footnote, Table 2 for definitions.
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periods, and chemicals, we chose specificity over preci-
sion of the estimates.

The characteristics of the six oil-related compo-
nents in our study varied in concentration in the crude 
oil, solubility in water, and volatility in the air (Stenzel 
et al., 2020b). These differences likely contributed to 

the varying levels of censoring. Thus, although estimates 
were developed for the same job groups across all six 
chemicals, the exposure trends for these chemicals dif-
fered by job group, vessel, and time period. Similar stat-
istical patterns, nevertheless, were generally observed 
across the means of the BTEX-H chemicals among the 

Table 5.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD  
(95% CI) for xylene for broad job groups on the four rig vessels across four time periods (22 April 2010–30  
September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 63 24.63  

(16.40, 41.78)

6.8  

(5.1, 9.5)

58 43 22.15  

(12.11, 54.21)

5.8  

(3.9, 9.9)

70 34 21.93  

(14.47, 39.59)

4.1  

(3.2, 6.1)

IH-safety     9 67 21.91  

(4.24, 123.77)

8.8  

(4.4, 11.8)

        

Inside     21 67 14.37  

(7.04, 44.76)

4.1  

(2.4, 9.6)

        

Outside crew     96 58 30.38  

(17.03, 63.8)

7.3  

(5.1, 11.0)

40 43 27.18  

(13.02, 76.22)

6.4  

(4.1, 11.0)

42 29 25.72  

(15.36, 56.09)

4.2  

(3.1, 6.9)

Outside operations     48 65 19.41  

(9.29, 49.41)

7.3  

(4.4, 11.5)

8 50 10.12  

(2.11, 58.88)

7.3  

(3.1, 11.7)

17 53 21.72  

(7.15, 85.99)

8.1  

(4.2, 11.8)

DDIII

All groups 88 55 88.30  

(52.21, 190.06)

6.0  

(4.2, 9.7)

218 24 44.97  

(34.96, 60.62)

4.2  

(3.6, 5.0)

49 35 20.22  

(12.27, 42.78)

4.2  

(3.1, 6.8)

75 40 17.70  

(12.18, 29.78)

3.9  

(3.0, 5.5)

IH-safety     19 5 35.92  

(23.78, 65.44)

2.4  

(1.9, 3.7)

9 11 29.97  

(12.85, 140.10)

3.6  

(2.2, 9.2)

20 40 22.41  

(10.38, 79.66)

4.7  

(2.8, 10.5)

Inside     19 16 22.62  

(14.49, 46.10)

2.6  

(2.0, 4.3)

9 11 28.80  

(14.09, 94.22)

3.0  

(2.1, 6.5)

15 40 11.91  

(6.37, 34.82)

3.2  

(2.2, 7.1)

Outside crew 52 65 61.32  

(30.84, 154.18

6.8  

(4.2, 11.3)

138 28 45.70  

(32.25, 70.70)

4.7  

(3.8, 6.0)

22 55 9.48  

(4.33, 31.12)

5.0  

(2.9, 10.6)

24 38 23.98  

(11.23, 73.96)

5.3  

(3.4, 10.0)

Outside operations 32 41 120.38  

(56.01, 360.37)

5.8  

(3.6, 10.7)

31 26 50.02  

(26.55, 140.17)

4.6  

(3.1, 8.6)

7 43 14.67  

(3.35, 90.85)

6.4  

(2.8, 11.6)

6 33 23.40  

(5.07, 158.77)

6.6  

(3.1, 11.6)

Enterprise

All groups 22 68 53.00  

(17.54, 171.36)

9.6  

(5.9, 11.9)

353 38 134.56  

(94.19, 202.11)

8.4  

(7.1, 10.2)

31 16 11.56  

(8.29, 17.92)

2.4  

(2.0, 3.3)

    

IH-safety     11 45 68.02  

(16.75, 314.52)

9.4  

(5.3, 11.9)

        

Inside     7 57 10.02  

(4.10, 29.21)

2.6  

(1.8, 6.1)

        

Outside crew 16 75 24.4  

(7.22, 99.20)

7.2  

(4.2, 11.5)

189 42 158.53  

(96.86, 252.73)

10.4  

(8.1, 11.9)

28 14 11.75  

(8.39, 18.39)

2.4  

(2.0, 3.3)

    

OutsideoOperations 6 50 58.91  

(9.06, 439.84)

9.1  

(4.8, 11.9)

132 28 113.36  

(70.44, 204.28)

6.7  

(5.3, 8.8)

        

Q4000

All groups     120 50 58.02  

(32.88, 113.35)

8.1  

(5.8, 11.4)

34 15 16.66  

(12.90, 23.16)

2.1  

(1.8, 2.7)

23 57 12.71  

(5.77, 40.51)

5.3  

(3.1, 10.7)

Outside crew     69 55 57.35  

(27.96, 121.16)

9.2  

(6.1, 11.8)

32 13 17.04  

(13.16, 23.76)

2.1  

(1.8, 2.7)

20 60 11.71  

(4.91, 40.22)

5.7  

(3.2, 11.1)

Outside operations     38 50 36.59  

(16.39, 105.18)

7.0  

(4.3, 11.4)

        

See footnote, Table 2 for definitions.
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broad job groups for the rigs and the time periods as 
among the THC means.

Few studies reporting chemical exposures from this 
oil spill are available thus far. NIOSH collected a total 
of nine samples on the rig vessels, four jobs on the 
DDII on 21 June 2010 and five jobs on the Enterprise 
on 23 June 2010 (NIOSH, 2010a,b). For THC meas-
urements, all the samples were non-censored, with the 
DDII samples ranging from 0.14 to 0.31 ppm and the 

Enterprise samples ranging from 0.02 to 0.12 ppm. 
For toluene, eight of the measurements were censored 
(LOD of 0.001–0.002 ppm). The ninth, collected on 
the air monitor technician on the Enterprise, was re-
ported to be 0.0026 ppm, which falls between the LOD 
and the limit of quantification (LOQ). All nine benzene 
and ethylbenzene measurements were censored (LOD 
of 0.001–0.002 ppm). For xylene, six of the nine sam-
ples were censored (LOD of 0.001–0.003 ppm). Three 

Table 6.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD (95% CI) for  

hexane for broad job groups on the four rig vessels across four time periods (22 April 2010–30 September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 35 52.6  

(34.42, 89.07)

7.1  

(5.6, 9.3)

        

IH-safety     9 56 19.67  

(3.84, 110.49)

9.4  

(5.1, 11.9)

        

Inside     21 52 36.27  

(12.41, 123.10)

9.3  

(5.3, 11.9)

        

Outside crew     112 33 65.71  

(36.82, 131.42)

7.7  

(5.7, 10.9)

        

Outside operations     48 29 40.84  

(19.86, 108.29)

6.7  

(4.4, 11.0)

        

DDIII

All groups 88 33 327.00  

(169.20, 617.86)

10.1  

(7.2, 11.19)

218 31 41.64  

(28.92, 65.18)

6.2  

(5.1, 7.9)

49 55 12.77  

(6.19, 33.44)

6.9  

(4.2, 11.4)

75 69 3.23  

(2.09, 6.25)

4.4  

(3.0, 7.9)

IH-safety     19 11 32.99  

(15.23, 114.80)

4.6  

(3.0, 9.5)

9 44 17.31  

(4.61, 92.37)

6.9  

(3.5, 11.6)

20 70 5.92  

(1.97, 21.47)

7.9  

(4.2, 11.7)

Inside     19 53 32.29  

(10.10, 110.37)

9.9  

(6.1, 11.9)

9 56 9.61  

(2.06, 52.66)

8.1  

(4.0, 11.8)

15 67 2.78  

(1.39, 7.04)

2.9  

(1.9, 7.3)

Outside crew 52 38 200.71  

(91.88, 443.48)

10.0  

(6.7, 11.9)

157 33 42.14  

(27.46, 72.93)

6.4  

(5.0, 8.6)

29 59 9.45  

(4.03, 29.17)

6.8  

(3.8, 11.5)

24 67 2.65  

(1.09, 8.47)

5.6  

(3.0, 11.2)

Outside operations 32 28 391.33  

(154.03, 1040.12)

9.7  

(6.2, 11.9)

31 35 49.11  

(19.64, 140.19)

8.5  

(5.2, 11.8)

7 57 6.09  

(1.09, 39.07)

7.5  

(3.5, 11.7)

6 67 2.76  

(0.39, 20.81)

6.9  

(3.3, 11.6)

Enterprise

All groups 22 9 216.79  

(88.92, 783.36)

6.0  

(3.8, 10.8)

353 13 472.01  

(323.98, 696.25)

10  

(8.5. 11.7)

31 26 6.10  

(4.16, 10.91)

2.7  

(2.2, 4.0)

    

IH-safety     11 18 216.00  

(53.57, 958.38)

10  

(6.2, 11.9)

        

Inside     7 0 61.10  

(18.88, 366.17)

4.9  

(2.7, 10.9)

        

Outside crew 16 0 136.81  

(64.85, 482.72)

4.1  

(2.7, 8.1)

194 14 461.21  

(279.69, 758.49)

9.8  

(7.8, 11.8)

28 21 6.35  

(4.28, 10.91)

2.7  

(2.1, 3.9)

    

Outside operations 6 33 140.67  

(21.94, 1003.79)

9.4  

(5.3, 11.9)

132 11 441.75  

(252.90, 763.95)

10.2  

(8.0, 11.9)

        

Q4000

All groups     120 56 68.21  

(40.90, 113.27)

11.4  

(9.6, 12.0)

34 74 2.71  

(1.54, 5.87)

3.6  

(2.3, 8.1)

    

Outside crew     69 62 39.30  

(19.96, 77.81)

11.2  

(8.8, 12.0)

32 72 2.82  

(1.61, 6.10)

3.5  

(2.3, 7.8)

    

Outside operations     38 45 87.80  

(36.72, 211.88)

10.5  

(7.4, 11.9)

        

See footnote, Table 2 for definitions.
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of the samples were between the LOD and LOQ. The 
three non-censored concentration levels were 0.0031, 
0.026, and 0.003 ppm. We compared the THC data to 
ours. The RP collected two THC samples on 21 June 
2010 on the DDII with reported concentrations of 
0.19 (censored) and 0.56 ppm THC. Similarly, the RP 
collected seven THC samples on 23 June 2010 on the 
Enterprise with reported concentrations ranging from 
0.12 to 0.51 ppm.

Avens et al. (2011) analyzed the BTEX data that the 
RP made available to the public. These are a subset of 
our measurements, but the data had not been recali-
brated to the analytic methods’ LODs (Stenzel et al., 
2020b); thus their levels of censoring were much higher 
than our data. Additionally, the database available to 
Avens et al. only contained a subset of the data fields 
supplied to us. Finally, they pooled measurements from 
workers on all rig vessels and other offshore vessels, 

Table 6.  The number of samples, the percentage of censoring, and the posterior medians of the AM (in ppb) and GSD (95% CI) for  

hexane for broad job groups on the four rig vessels across four time periods (22 April 2010–30 September 2010).

Job groups N TP1a % cens TP1a AM_TP1a GSD_TP1a N TP1b % cens TP1b AM_TP1b GSD_TP1b N TP2 % cens TP2 AM_TP2 GSD_TP2 N TP3 % cens TP3 AM_TP3 GSD_TP3

DDII

All groups     199 35 52.6  

(34.42, 89.07)

7.1  

(5.6, 9.3)

        

IH-safety     9 56 19.67  

(3.84, 110.49)

9.4  

(5.1, 11.9)

        

Inside     21 52 36.27  

(12.41, 123.10)

9.3  

(5.3, 11.9)

        

Outside crew     112 33 65.71  

(36.82, 131.42)

7.7  

(5.7, 10.9)

        

Outside operations     48 29 40.84  

(19.86, 108.29)

6.7  

(4.4, 11.0)

        

DDIII

All groups 88 33 327.00  

(169.20, 617.86)

10.1  

(7.2, 11.19)

218 31 41.64  

(28.92, 65.18)

6.2  

(5.1, 7.9)

49 55 12.77  

(6.19, 33.44)

6.9  

(4.2, 11.4)

75 69 3.23  

(2.09, 6.25)

4.4  

(3.0, 7.9)

IH-safety     19 11 32.99  

(15.23, 114.80)

4.6  

(3.0, 9.5)

9 44 17.31  

(4.61, 92.37)

6.9  

(3.5, 11.6)

20 70 5.92  

(1.97, 21.47)

7.9  

(4.2, 11.7)

Inside     19 53 32.29  

(10.10, 110.37)

9.9  

(6.1, 11.9)

9 56 9.61  

(2.06, 52.66)

8.1  

(4.0, 11.8)

15 67 2.78  

(1.39, 7.04)

2.9  

(1.9, 7.3)

Outside crew 52 38 200.71  

(91.88, 443.48)

10.0  

(6.7, 11.9)

157 33 42.14  

(27.46, 72.93)

6.4  

(5.0, 8.6)

29 59 9.45  

(4.03, 29.17)

6.8  

(3.8, 11.5)

24 67 2.65  

(1.09, 8.47)

5.6  

(3.0, 11.2)

Outside operations 32 28 391.33  

(154.03, 1040.12)

9.7  

(6.2, 11.9)

31 35 49.11  

(19.64, 140.19)

8.5  

(5.2, 11.8)

7 57 6.09  

(1.09, 39.07)

7.5  

(3.5, 11.7)

6 67 2.76  

(0.39, 20.81)

6.9  

(3.3, 11.6)

Enterprise

All groups 22 9 216.79  

(88.92, 783.36)

6.0  

(3.8, 10.8)

353 13 472.01  

(323.98, 696.25)

10  

(8.5. 11.7)

31 26 6.10  

(4.16, 10.91)

2.7  

(2.2, 4.0)

    

IH-safety     11 18 216.00  

(53.57, 958.38)

10  

(6.2, 11.9)

        

Inside     7 0 61.10  

(18.88, 366.17)

4.9  

(2.7, 10.9)

        

Outside crew 16 0 136.81  

(64.85, 482.72)

4.1  

(2.7, 8.1)

194 14 461.21  

(279.69, 758.49)

9.8  

(7.8, 11.8)

28 21 6.35  

(4.28, 10.91)

2.7  

(2.1, 3.9)

    

Outside operations 6 33 140.67  

(21.94, 1003.79)

9.4  

(5.3, 11.9)

132 11 441.75  

(252.90, 763.95)

10.2  

(8.0, 11.9)

        

Q4000

All groups     120 56 68.21  

(40.90, 113.27)

11.4  

(9.6, 12.0)

34 74 2.71  

(1.54, 5.87)

3.6  

(2.3, 8.1)

    

Outside crew     69 62 39.30  

(19.96, 77.81)

11.2  

(8.8, 12.0)

32 72 2.82  

(1.61, 6.10)

3.5  

(2.3, 7.8)

    

Outside operations     38 45 87.80  

(36.72, 211.88)

10.5  

(7.4, 11.9)

        

See footnote, Table 2 for definitions.
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the latter having generally lower concentrations than 
those workers on the rig vessels (Huynh et al., 2020a), 
so a direct comparison with our estimates is misleading. 
Avens et al. (2011) also found that there was not an ap-
preciable decrease in BTEX concentrations after the well 
was mechanically capped, which led them to conclude 
that BTEX exposures were primarily due to engine ex-
haust rather than the oil spill. They used the Kaplan–
Meier method to account for censored samples which, in 
Huynh et al. (2014, 2016), was shown to have a higher 
degree of relative bias and root mean squared error than 
the Bayesian method we used at the levels of censoring 
encountered in this dataset. Moreover, their data also 
did not reflect the lower analytic LODs. Our study, in 
contrast, detected several statistically significant differ-
ences in AMs using ‘All groups’ among the rigs and time 
periods. Our results suggest a more complex scenario of 
the sources and the variables that affected BTEX expos-
ures than suggested by Avens et al. The statistical differ-
ences we observed between TP1a, TP1b, TP2, and TP3 
exposures suggest that THC and the BTEX exposures 
are consistent with oil-related remediation activities (e.g. 
stopping the oil release, processing of the hydrocarbons 
and flaring of the oil and gas), job tasks, and the back-
ground levels of the crude oil.

The GSD estimates for THC exposures were highly 
variable compared with most typically stable occupa-
tional situations. This is likely a reflection of the dy-
namic, non-routine, and time-dependent nature of the 
spill response work. Other contributing factors may 
include the small number of samples and high level of 
censoring in some jobs. Kromhout et al. (1993) reported 
that a median value of total GSD (GSDT) for 165 job/fac-
tory groups was 2.47 for all chemicals measured (2.65 
for chemical gases and vapors, and 3.46 for outdoors). 
Symanski et al. (2006) reported similar GSD ranges in 
their review of 571 job groups from 39 studies, with the 
median GSDT approximating between 3.43 and 3.85 
(GSDT was computed based on the reported within and 
between wR0.95 and bR0.95 values, respectively). These are 
ratios of the 97.5th to the 2.5th percentile of the cor-
responding log normal distributions of the individual 
workers’ exposure and the individual worker’s mean ex-
posures level (Rappaport, 1991). Although these studies 
were not specifically on oil spill responses, our selected 
GSDs were three times greater than the typical range of 
GSDs found by those two groups of authors.

To further justify our GSD prior upper limit of 
12, we did additional analyses based on data from 
Symanski et al. (2006) in which we estimated the GSDT 
for their less homogenous groups category (i.e., workers 
were classified across jobs/across locations and were less 

homogenous category defined by the authors). When the 
within wR0.95 and between bR0.95 values were 215.9 
and 1538, which corresponded to a within GSD of 3.9 
and between GSD 6.5 respectively, the GSDT at the 
95th percentile of the cumulative ratio distribution was 
10.2 (see Supplemental Materials, available at Annals 
of Work Exposures and Health online for calculation of 
GSDT based on those two papers).

Furthermore, as some of the job groups used in 
our analyses had relatively high GSDs, with the upper 
bound nearing 12, which indicates that the GSD prior 
may have restricted the model GSD estimates, we did 
a sensitivity analysis using a prior sample size ap-
proach (Quick et al., 2017) that does not restrict the 
upper bound. While the median posterior estimates 
of the AM for both approaches were comparable, the 
upper GSD estimates from Quick’s approach were in-
deed higher than 12 (see Supplemental File, available at 
Annals of Work Exposures and Health online for the 
results of the sensitivity analysis). We therefore suggest 
that the readers treat estimates with GSDs greater than 
6 or with 95% CI’s upper bounds approaching 12 with 
caution as those GSDs or upper 95% CI estimates may 
correspond to exposure groups that had small sample 
sizes, high censoring, and/or that were poorly formed. 
As such, if a job group actually was associated with a 
GSD greater than 12, the AM reported here would be 
artificially low.

A number of statistical assumptions were made. First, 
we used a set of informative priors in these Bayesian 
analyses. If the priors were not correct or do not describe 
the jobs well, the estimates could be influenced by the 
priors. However, we took precautions to limit the influ-
ence of the priors by using methods described by Quick 
et al. (2017). Similarly, we assumed that the overarching 
prior relationships calculated from BTEX-H measure-
ments across all jobs and vessels was representative 
of the individual jobs comprising the broader groups. 
Secondly, n-hexane values were estimated in TP1a and 
part of TP1b using the THC:hexane relationship found 
in TP1b. Although conditions were somewhat different 
in TP1a than TP1b (no application of dispersants, dif-
ferent tasks), we used that relationship in TP1b as it had 
the most similar conditions (fresh oil was surfacing in 
both time periods) of all the time periods in the study. 
Lastly, in order to use the methods in Groth et al. (2017), 
we assumed a linear relationship between THC and each 
BTEX-H chemical. We also relied on linear regression 
assumptions of linearity (including for measurements 
below LOD): normality of error terms, equal vari-
ances, and independence of observations. Furthermore, 
after performing a Shapiro–Wilk test that indicated 
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lognormality for the majority of the job groups, we as-
sumed that all the measurements of each chemical were 
lognormally distributed (not shown). Other relation-
ships were not investigated.

As with most retrospective exposure studies, we rec-
ognize a potential for misclassification of measurements 
that could lead to biased estimates for some of these 
jobs. Sources of misclassification include limited data 
before TP1b, some small sample sizes, the presence of 
some highly censored job groups, the limited descrip-
tive information available in the monitoring database 
for some measurements, and the often limited number 
of measurements over periods of performing of differing 
tasks. We tried to minimize this misclassification by 
using state-of-the-art exposure assessment strategies 
and gathering a wealth of information from a var-
iety of sources including site visits, public records, and 
interviews with workers on the rig vessels. Lastly, bias 
could also have occurred in the sampling strategy since 
the measurements were collected by contractors of the 
RP to sample the jobs with the highest potential for ex-
posures. The large number of samples over a period of 
about 6 months on the same jobs listed in vessel records 
of jobs suggests that little bias was likely to have resulted 
in the selection of sampled workers, although lower ex-
posed workers were sampled less frequently and there-
fore those results may have more uncertainty. However, 
overall, the exposure levels are likely to be within the 
correct order of magnitude as indicated by the limited 
sampling by NIOSH (2010a,b).

A strength of this study is the large number of meas-
urements collected on the rig vessels over a relatively 
short period of time, which allowed us to compute 
quantitative exposure estimates for the GuLF STUDY. 
Thus, the estimates are thought to be representative of 
the exposures of the workers with the assigned jobs. In 
addition, we used a Bayesian technique for estimating 
THC, a method that was found to produce relatively un-
biased and precise estimates (overall relative bias ≤15% 
and root mean square error <65%, respectively) under 
the conditions of our data (small sample sizes, high cen-
soring, and high variability). For the BTEX-H chem-
icals, the bias and imprecision is likely to be less, for 
two reasons: (i) the priors based on the THC chemical 
relationship generally provided more information than 
the priors used for THC alone; and (ii) the inclusion 
in the model of THC information with low censoring 
likely allowed us to more accurately estimate censored 
measurements and the means of the BTEX-H chemicals 
(assuming the linear relationship between THC and the 
chemical of interest was statistically significant). A third 
strength is that the models for all the chemicals provided 

CIs to indicate the degree of statistical uncertainty in the 
estimates (Huynh et al., 2016). Fourth, this study also 
used a variety of sources of background data to iden-
tify important determinants of exposures such as job, 
vessel, and time period to develop unique job groups, 
and the descriptive statistics often indicated statistical 
differences in exposure levels among the jobs groups by 
time period and rig. Lastly, we have developed a number 
of statistics useful for the GuLF STUDY and potentially 
for future studies, which allows exploration of different 
toxicological mechanisms.

There are currently no occupational exposure limits 
for THC. Perhaps the closest equivalent to THC is pet-
roleum distillates, which has a NIOSH Recommended 
Exposure Limit of 86 ppm (NIOSH, 2007). The highest 
95th percentile for THC was 74.55 ppm ‘Methanol 
Operations’, TP1b on the Enterprise. This value may be 
reflecting a contribution by methanol, which was used 
by this job to reduce the hydrate crystal buildup in the 
underwater oil collection equipment. As methanol was a 
possible fire hazard, the ‘Burner fire control’ job watched 
the water for bubbles possibly containing methanol 
to warn of the possible hazard. The contribution of 
methanol to THCs for both jobs (the primary jobs likely 
affected by methanol), however, is expected to be low 
because the former has a low sensitivity on the gas chro-
matograph and its collection efficiency on the charcoal 
pad in the sampling dosimeter is lower than the volatile 
hydrocarbon components of oil measured. Our BTEX-H 
estimates were substantially below the current exposure 
limits. The respective ACGIH Threshold Limit Values 
(TLVs®) for benzene, toluene, ethylbenzene, xylene, 
and n-hexane are 500, 20 000, 20 000, 100 000, and 
50 000 ppb, respectively (ACGIH, 2018). The 95th ile 
values in our study were 280.59 ppb for benzene (‘Ship 
officer’, Enterprise, TP1b), 1356.8 ppb for toluene (‘Ship 
officer’, Q4000, TP2), 178.51 ppb for ethylbenzene 
(‘Pump hand’, Enterprise, TP1b), 955.32 ppb for xylene 
(‘Methanol Operations’, Enterprise, TP1b), and 3629 
ppb for hexane (‘Methanol Operations’, Enterprise, 
TP1b). These values described in this report are likely to 
reflect actual inhalation concentrations as we found little 
indication of mandatory respiratory protection.

The estimates developed here were used as the bases 
for exposure groups in job–exposure matrices that al-
lowed us to assign exposure estimates to the study par-
ticipants in the GuLF STUDY through their responses to 
the study questionnaire (Stewart et al., 2020a). More de-
tail on the use of the job group estimates described here 
to develop exposure group estimates in the epidemiologic 
study are found in Stenzel et al. (2020a). This exposure 
study, along with the epidemiological investigation, 
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enables us to obtain new insights into exposure–disease 
relationships, which might warrant the reassessment of 
the current exposure limits as new health-related infor-
mation becomes available from this study. It should be 
also noted that exposures to the mixture of the crude 
oil components occurred simultaneously; hence addi-
tive and synergistic toxicological effects among these six 
chemicals and also chemicals from the crude oil that we 
did not measure may have occurred. Epidemiological 
analyses should take into account this possibility in 
order to minimize bias.

Conclusions

Our study developed inhalation estimates of occupa-
tional exposures to THC and BTEX-H on the four 
rig vessels responding to the DWH oil spill response. 
Estimates were developed separately by chemical for 
measured job/rig/time period combinations to minimize 
error in the exposure estimates that can occur when 
combining dissimilar groups. We implemented Bayesian 
methods to account for the often highly censored data. 
THC and BTEX-H exposure means varied by job, rig 
vessel, and time period, with some being statistically 
different. Generally, as expected, the highest exposures 
were observed in TP1a and TP1b when the oil was con-
tinuously leaking and rising to the surface. Once the 
well was mechanically capped, exposures generally de-
creased. The individual BTEX-H exposures were sub-
stantially lower than those for THC. Exposures were 
generally low compared with OSHA standards. Our ex-
posure study, along with the epidemiologic investigation, 
will add new insights to the limited literature on the ex-
posures that occurred during the OSRC and the poten-
tial health effects associated with the work.
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