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Abstract

Passive sampling devices were used to measure air vapor and water dissolved phase concentrations 

of 33 polycyclic aromatic hydrocarbons (PAHs) and 22 oxygenated PAHs (OPAHs) at four Gulf of 

Mexico coastal sites prior to, during and after shoreline oiling from the Deepwater Horizon oil 

spill (DWH). Measurements were taken at each site over a 13 month period, and flux across the 

water-air boundary was determined. This is the first report of vapor phase and diffusive flux of 

both PAHs and OPAHs during the DWH. Vapor phase sum PAH and OPAH concentrations ranged 

between 6.6 and 210 ng/m3 and 0.02 and 34 ng/m3 respectively. PAH and OPAH concentrations in 

air exhibited different spatial and temporal trends than in water, and air-water flux of 13 individual 

PAHs was shown to be at least partially influenced by the DWH incident. The largest PAH 

volatilizations occurred at the sites in Alabama and Mississippi at nominal rates of 56,000 and 

42,000 ng/m2/day in the summer. Naphthalene was the PAH with the highest observed 

volatilization rate of 52,000 ng/m2/day in June 2010. This work represents additional evidence of 

the DWH incident contributing to air contamination, and provides one of the first quantitative air-

water chemical flux determinations with passive sampling technology.
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Introduction

The explosion of the Deepwater Horizon (DWH) oil rig on April 20th 2010 led to the release 

of approximately 4.1 million gallons of oil into the Gulf of Mexico.1 Between April 28 and 

July 19, 411 in situ burns were undertaken to remove oil from the water surface.2 An 

additional non-mechanical response included the application of 2.1 million gallons of 

chemical dispersants at the wellhead and to off-shore surface waters which likely increased 

the freely dissolved fraction of the oil constituents.3-4 Crude oil released from the Macondo 

252 well during the DWH incident contained an estimated 3.9% of polycyclic aromatic 
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hydrocarbons (PAHs) by weight.5 PAHs are chemicals of concern in oil, and their fate and 

transport in the environment is an important component of understanding potential impacts 

from spills.

While PAHs have been widely studied for many decades, oxygenated polycyclic aromatic 

hydrocarbons (OPAHs) are an emerging contaminant of concern. Interest in OPAHs has 

increased in the last decade due to their presence in the environment coupled with the 

toxicity of some OPAHs.6-7 Individual OPAHs consist of one or more oxygen atoms 

attached to an aromatic ring structure that may also contain other chemical groups.8 

Formation of these compounds through both biotic and abiotic mechanisms could be 

expected during the DWH incident especially, through photo-oxidation of PAHs in air and 

waters.6, 9

Low-density polyethylene (LDPE) passive sampling devices (PSDs) have been used in water 

and air to assess time-integrated environmental concentrations of many dissolved and vapor 

phase contaminants respectively, including PAHs and OPAHs.10-12 Air sampling is often 

focused on determining the concentration of particulate bound chemicals; however, exposure 

to the PAH vapor phase has been shown to account for up to 86% of the cancer-risk from 

inhalation exposure. 13-15 Vapor phase PAHs are by definition unbound to particulates which 

means this atmospheric fraction is respirable and bioavailable. Similarly, the dissolved 

fraction of contaminants in water is bioavailable for passive uptake by organisms.10, 16 In 

addition to being biologically relevant, the gas phase and dissolved concentrations of 

chemicals are the fractions that flux from one environmental compartment to another. 17-19

PSDs are ideally suited for flux measurements since they specifically sequester the dissolved 

water phase and air vapor phase fractions. Generally, great effort is required to acquire the 

dissolved water fraction including multiple filtration steps and solid phase cleanup(s).20 

Additionally, the filtered water is only operationally defined as dissolved, as any particles 

smaller than the filter are also extracted. The PSDs employed are not subject to filter bias 

due to their lipophilic carbon polymer design and average pore size of 10 angstroms that 

characterize diffusion samplers.11 Until recently, investigation of flux using PSDs has only 

assessed the overall direction of flux based on the air water partition compound coefficients 

(Kaw), or through concentration gradients measured in both air and water samples.21-22 To 

the authors' knowledge there are only two reports of measuring the actual magnitude of PAH 

flux using PSDs, and a separate investigation of flux targeting a different chemical 

class.23-25

The air-water flux of PAHs is an important factor in understanding the fate of spilled oil.26 

Though air and water quality monitoring were conducted during the DWH oil spill, no 

studies to the authors' knowledge have reported on flux of PAHs and OPAHs across the air-

water boundary. In this study, we present the air vapor phase PAH and OPAHs at coastal 

sites in Louisiana, Mississippi, Alabama and Florida prior to, during and after shoreline 

oiling. Spatial and temporal trends for individual PAHs and OPAHs were examined during 

13 months. We also address the data gap of aromatic hydrocarbon flux during episodic 

events. Using PSDs for quantitative flux assessment is a developing technological 
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advancement in environmental chemistry, and this work is the first to quantitatively measure 

flux during an environmental disaster.

Correction to Original Article

This article is a corrected form of Tidwell et al, which was originally published in 2015, 

DOI: 10.1021/es503827y.27 Vapor phase PAH and OPAH measured concentrations in air 

were corrected, as were the air-water flux mass exchange rates. Corrections were made due 

to the detection of an honest calculation error found in the original manuscript. Errors 

resulted from using incorrect units of the ideal gas constant and improper cell linkages in the 

spreadsheet that was used to adjust air concentrations for sampling temperature. The original 

article was retracted by the authors.28 This version of the article presents corrected versions 

of all of the original analyses and discussions.

Materials and Methods

Sample collection

Sampling was performed at four coastal sites: Grand Isle, Louisiana (LA); Gulfport, 

Mississippi (MS); Gulf Shores, Alabama (AL); and Gulf Breeze, Florida (FL) (Figure 1A,

1B). Air and water samples were collected concurrently during twelve sampling events from 

May 2010 to June 2011, sampling durations for flux assessment ranged from 3 to 41 days 

(see Supporting Information (SI) Table 1 for specific dates).16

Stainless steel air sampler cages that allowed for air circulation while minimizing sampler 

exposure to water, particulate depositions, and UV (Figure 1C) were deployed concurrently 

with water cages described previously.16 A total of five PSDs were deployed in each air or 

water cage. Air samplers were located between 1-5 m above the water surface and were 

directly above water samplers.16 Approximately one meter long PSDs were constructed 

from LDPE tubing, and were fortified with deuterated PAH performance reference 

compounds (PRCs) for water or air sampling rate calculations. A list of PRCs can be found 

in SI List 1. PRCs spanned a range of Koa/Kows similar to the target analyte PAHs and 

OPAHs, and the most similar PRC was used for quantification (SI List 1). OPAHs were 

quantified using PAH PRCs, any biases generated from this approach are conservative since 

PAHs have slightly higher Koa/Kows than the analogous OPAHs.29-32 Detailed PSD 

conditioning, construction, clean up and extraction is described in Anderson et al., 2008.33 

PSDs were transported in sealed polytetrafluoroethylene (PTFE) air-tight bags. Samples 

were stored in the laboratory at 4°C until extraction within two weeks of receipt.

Sample processing and chemical analysis

All solvents used were Optima® grade or better (Fisher Scientific, Pittsburg, PA), and 

standards were purchased at purities ≥ 97%. All five PSDs from each cage were extracted as 

a composite representing a single sample in order to increase analytic sensitivity. PAH and 

OPAH in PSDs were extracted by dialysis with n-hexane detailed in Anderson et al., 200833, 

use of n-hexane for extraction of OPAH is explained in O'Connell et al., 2014.34 Extracts 

were stored in amber glass vials at -20°C until instrumental analysis.
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PAH and OPAH analysis used an Agilent 5975B Gas Chromatograph-Mass Spectrometer 

(GC-MS) with an Agilent DB-5MS column (30m × 0.25mm × 0.25μm) in electron impact 

mode (70 eV) using selective ion monitoring (SIM). PAH GC parameters are detailed in 

Allan et al., 201216, and OPAH parameters are detailed in O'Connell et al., 2013.35 Six and 

nine point calibration curves for PAHs and OPAHs respectively had correlation coefficients 

> 0.98 for all target analytes, a list of measured analytes are in SI (Lists 1-2).

Quality control

Quality control (QC) samples accounted for over 30% of the total number of samples 

analyzed and included: PSD construction blanks, field and trip blanks for each deployment 

and retrieval, post-deployment cleaning blanks and laboratory reagent blanks. Extraction 

surrogates were added to all samples immediately prior to extraction and concentrations 

were surrogate corrected. All compounds were below detection limits in all blank QC 

samples. Mean extraction surrogate recoveries were 52.5% (range 37-113) for naphthalene-

D8, 67.8% (range 53–116 ) for acenaphthylene-D8, 80.1% (range 77–113) phenanthrene-

D10, 97.8% (84-118) fluoranthene-D10, 105% (86-139) for chrysene-D12, 80.5%(68-90) 

benzo(a)pyrene-D12, 66.7% (50-85) for dibenzo(g,h,i)perylene-D12, 66% (44-80) for 1,4-

naphthalenequnione-D8, 104% (80-140) for 9-flourenone-D8, and 96% (60-150) for 9,10-

anthraquinone-D8.

Air-water flux calculation

Environmental vapor concentrations were determined using an empirical uptake model with 

sampling rates derived by measuring PRC loss as described by Huckins et al., 2006 and 

others.11,29, 31, 36 Details and formulas are presented in SI. Previously published water 

concentrations were used for calculation of PAH flux and are described in detail in Allan et 
al., 2012.16

The exchange of chemicals between air and water at the interface can be described as the 

movement of a chemical from the bulk phase, followed by transport across the thin films of 

each phase into the receiving compartment. The Whitman two film model is used to 

calculate this movement:

Eq. 1

where F is the flux (ng/m2 day-1), the total mass-transfer rate coefficient is Kol (m/day), and 

Cw and Ca are the dissolved and vapor phase concentrations in the water and air 

respectively. 17-18 HT', in this case, is a compound-specific temperature-corrected Henry's 

law value. A unitless Henry's law value can be calculated using equation 2:

Eq. 2
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where R is the ideal gas constant (8.2057×10−5 m3 atm K−1 mol−1) and T is the temperature 

in Kelvin. Air and water temperatures were collected hourly using temperature loggers co-

located with PSDs at each sampling site the average temperature over each deployment was 

calculated and used for assessment of the temperature corrected Henry's law values. The 

temperature correction for H' to yield HT' in equation 1 is calculated using equation 3:

Eq. 3

where T is the temperature in Kelvin, ΔHvap is the compound specific enthalpy of 

vaporization, and R is the ideal gas constant for the compound (R in kJ*K-1*mol-1). The 

total mass transfer coefficient in Eq. 1 can be calculated according to equation 4:

Eq. 4

where ka is the air side mass transfer coefficient and kw is the water side mass transfer 

coefficient. Average wind speed over the course of the deployment was calculated from 

NOAA data published on the tides and currents web interface.37 Published diffusivity values 

for 13 PAHs were used to calculate Schmidt values as inputs for mass transfer coefficients.38 

An estimate of OPAH flux was performed on 7 OPAHs, using PAH analogue diffusivity 

values, and are considered semi-quantitative as a result. Details of the calculations are 

further described in Johnson 2010 and Bamford et al., 1999.39, 18 Flux was only assessed 

when the compound was detected in both environmental compartments. PSD concentrations 

represent a time weighted average concentration, therefore the net flux for each sampling 

period is the time weighted average flux over the sampling duration. Using PSDs to assess 

the time weighted flux provides an alternative new way to characterize movement of 

chemicals over a time period. PSD flux is especially well suited to applications where 

episodic changes and releases are important to capture and characterize. Assigning 

additional uncertainties to mass transfer coefficients derived from average values was 

determined to be an overly conservative approach. As a result, the error bars present on the 

flux figures in Figure 2 and Figure 4 represent the pooled variance of the flux from an n=12 

replication study performed in the Gulf of Mexico during this study.

Data modeling

Differences between sites and between sampling times were assessed using Wilcoxon rank-

sum tests, and differences were considered significant at a probability value of p ≤ 0.05. 

Confidence intervals were calculated from a Gulf of Mexico air and water replication study 

performed using n=12 PSDs and represents the pooled variance.40 The average percent 

difference between sum PAH replicates in water and air at each site were 18 and 41 

respectively. Principal component analysis (PCA) was used to explore changes in chemical 

profiles of samples; a specific description can be found in SI. Analytes in the PCA below 
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instrumental detection limits were assigned a value of one half the limit of environmental 

detection, information on detection limits can be found in SI Table 3.

Results and Discussion

Vapor PAHs in coastal air of four Gulf Coast states

Prior to shoreline oiling at LA, the measured Σ33air PAH at this site was 29.9 (±13) ng/m3. 

This decreased to 8.67 (±3.8) ng/m3 the following month when there was visible shoreline 

oiling (Figure 2A). The June-1 sampling event was significantly greater (p ≤ 0.05) than the 

June 2 sampling event. Σ33air PAH concentrations tended to increase earlier than PAH 

concentrations in water (Figure 2B from Allan et al. 201216), which could be due to faster 

atmospheric transport, as well as contributions from in-situ burn events.41-42

At MS, the June-1 Σ33air PAH was significantly higher than all other sampling times (p < 

0.05), methylated naphthalene's comprised over 90% of the Σ33air PAH in June-1. Although 

Middlebrook et al. 2012 did not measure PAHs (except naphthalene) their bulk organic 

carbon measurements, taken at concurrent time points with the June-1 sampling, are 

consistent with our high Σ33air PAH, providing converging lines of evidence that the DWH 

incident had tangible impacts on near shore Gulf of Mexico air.43

The temporal trend of bioavailable PAHs at the AL site was different than MS but has a 

similar profile as the LA site (Figure 2A). The Σ33airPAH concentration was highest in 

September at 48.2 (±14) ng/m3. The highest observed Σ33waterPAH was in September at 25 

(±2) ng/m3.16 High wind events and continued near-shore clean-up activities were observed 

during those sampling periods (SI Table 2) and the air PAH trend observed is consistent with 

a re-circulation/suspension of contaminated waters/sediments and some volatilization. Other 

possible explanations include increased local inputs such as marine traffic or other oil 

sources.

The coastal air at FL had an initial Σ33air PAH concentration of 26.1 (±14) ng/m3. A trend of 

increasing Σ33airPAH from May 2010 through August was observed, but was not statistically 

different from other sampling periods (p = 0.1). The FL Σ33air PAH are similar in 

concentration to those observed in LA in May 2010 and June-1.

All sites taken together displayed a temporal pattern of increases in the maximum air PAH 

concentrations occurring earlier at the western sites and later in the eastern locations. This 

could be explained by the distance of the sites from the wellhead, in addition to in situ burns 

and air currents in the Gulf of Mexico.43-44 The site at MS was most heavily impacted in 

June 2010. A similar trend was observed in water samples.16 Dispersion and aging of oil and 

oil chemicals could also explain this trend; if DWH is a primary source of PAHs during this 

time period, then a decrease of vapor phase PAH would be expected.45-46

Comparing Gulf of Mexico air PAHs to literature values

The vapor phase Σ33airPAH concentrations in this study ranged between 6 and 210 ng/m3, 

and are comparable to PAH concentrations reported at rural and coastal metropolitan 

regions, but are significantly less than PAH concentrations found in large cities. For instance 
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the vapor phase Σ13PAH concentrations of 3.06 and 24.1 ng/m3 recorded in the coastal 

metropolitan region of Kozani and the rural region of Petrana, Greece respectively give an 

example of coastal regions that have similar population densities as the sampling sites in this 

study but that have relatively smaller PAH concentrations.47 A 2006 study near a petroleum 

industry harbor in Belgium found Σ16PAH vapor phase concentrations to range between 15 

and 135 ng/m3 during different seasons, overlapping with the measured PAHs in this 

study.48 Conversely, very high vapor phase concentrations were observed in the inland 

metropolitan region of Alexandria Egypt, with Σ42PAH concentrations ranging between 390 

and 990 ng/m3.49 The highest individual PAH contributions to the total PAH load in this 

study were naphthalene, phenanthrene and 2-methyl phenanthrene (SI Figure S1,S2), which 

are similar to other studies of vapor phase PAHs at petroleum impacted sites or areas of 

moderate urbanization.47-48

PAH air-water exchange

Predicting the fate of PAHs during environmental disasters includes characterizing the 

exchange of PAHs across the air-water boundary.18, 20 While many fate models for the DWH 

oil spill assumed volatilization was an important transfer and fate mechanism, this pathway 

has not been directly quantified.26 Air-water exchange (flux) of 13 PAHs was determined at 

the four sites over a 13 month period that spanned the DWH incident (Figure 2C-E). 

Σ13PAH net flux was positive at 39 out of 44 time points; meaning volatilization of PAHs 

from the water to the air. The greatest Σ13PAH net flux to air occurred at MS and AL, 

observed during July at 56,200 (±17,100) ng/m2/day, and August at 42,900 (±17,000) 

ng/m2/day, respectively.

The Σ13PAH flux to air peaked at LA in August, at 15,300 (±14,900) ng/m2/day. After the 

DWH in situ burns stopped and the well head was capped, the Σ13PAH flux decreases at LA, 

MS and FL sites. Interestingly, six months after the peakΣ13PAH flux volatilization was 

about 5 -fold lower at the LA site, but flux of PAHs from water to air was still 1.7 -fold 

greater than observed in May 2010 prior to shoreline oiling. This may be due to the 

continuing influence of DWH oil in this area.

Individual PAHs showed more variability in flux direction and magnitude than the net PAH 

flux. The greatest volatilization at MS and AL was naphthalene at 52,200 (±2,600) and 

27,500 (±1000) ng/m2/day during the June-2 sampling event. The second largest individual 

PAH volatilization at LA was phenanthrene at 10,500 (±10,200) ng/m2/day in June-1 and the 

largest deposition was -265 (±240) ng/m2/day in May 2010. The shift of flux from 

deposition to volatilization for phenanthrene is an important indicator of increased dissolved 

PAH levels in water rather than decreased vapor phase PAH levels in air. In 1999, Bamford 

et al., found that local inputs from an urban setting to surface waters resulted in similar 

degassing events, indicating that local sources such as industrial activities, or an oil spill in 

this case, may strongly influence the flux of PAHs.18 Naphthalene underwent the largest 

observed single PAH deposition events at MS and AL at a rates of -6000 (±300) ng/m2/day 

in April and -3900 (±150) ng/m2/day in February respectively (Figure 2E).

Few other relevant studies are available for comparison of individual PAHs, but a study in a 

heavily industrialized harbor in Taiwan showed phenanthrene to be undergoing deposition 
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during 19 of the 22 sampling time points.19 Additionally, another study reported the 

observed mean annual flux of phenanthrene along the southern coastline of Singapore to be 

-457 (±490) ng/m2/day. 50 A third investigation shows phenanthrene in deposition phase for 

all but one observation in Lake Erie and Lake Ontario,23 and a fourth investigation of PAH 

flux found phenanthrene to be in or near equilibrium for all sites with detectable levels of 

phenanthrene in both air and water.25 All of these studies illustrate that the typical trend for 

phenanthrene is deposition under many environmental conditions, however, we found during 

the DWH incident along the coast of the Gulf of Mexico phenanthrene was volatizing. The 

change from deposition to volatilization of phenanthrene at LA, MS and FL sites give 

strength to the supposition that the influx of hydrocarbons from the DWH incident changed 

the direction of phenanthrene flux well after visible oil was gone. The AL site did not shift 

from deposition to volatilization as observed at the other three sites and does not exhibit the 

characteristic phenanthrene deposition observed in other flux investigations.19, 23, 50 

However, there was an increase in volatilization later in the study showing that a 

perturbation of the steady state flux at this site occurred. Continuous volatilization of 

phenanthrene at AL might be explained by the local marine and residential activities which 

were in close proximity. The proximity of residential and marine activity at AL may have 

introduced phenanthrene directly to the water through runoff or marine engine use and 

maintenance. Sources such as local residences and other anthropogenic activities have been 

shown to affect PAH air-water dynamics.18, 23

PAH chemical profiles and source modeling

Principle component analysis (PCA) using air data in profile form was used to produce score 

and loading plots, shown in Figure 3A. The two score plots differ only by the choice of 

deployment time or state labels. PCA was also performed on individual state air data, as seen 

in Figure 3B. The score plots show some delineation between pre-cap and post-cap samples, 

with pre-cap samples being grouped tightly to one another and on the periphery of the 

majority of the post-cap samples. An exception to this is the earliest post-cap sample (#4) in 

each state which groups further away from both the pre-cap and all other post-cap samples. 

As the sampling progressed after the DWH incident, the proportion of p1 (naphthalene) 

increases from time point 5-10 (August-April). Furthermore, post-cap sampling events 5-11 

(August-May2011) show less intra-sample variation than pre-cap observations 1-3 

(May2010-June-2), suggesting the homogeneity of post-cap samples consistent with a single 

episodic event impacting pre-cap samples Figure 3A-B.

Figure 3C shows source ratios enriched in 2- and 3-ring PAHs compared to 4- to 6-ring 

PAHs in May and June-1 at all sites, consistent with a petrogenic source.51-52 Ratios with 

values greater than 1 are indicative of a petrogenic source.52 The alkylated-PAH versus 

parent PAH profiles are dominantly also petrogenic in June-1 at LA and MS, see SI Figure 

S2 for alkylation profiles. In urban environments, no single source was expected; this was 

consistent with our observations of mixed alkylated profiles observed later in 2010 and 

2011.
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Oxygenated polycyclic aromatic hydrocarbons in air and water

Few OPAH concentrations in air and water have been quantified using PSDs.35 Oxygenated 

hydrocarbons were reported during the DWH incident using active sampling techniques; 

however, the specific oxygenated analytes were not identified.53 OPAHs detected in DWH 

crude oil were identified in both water and air samples (SI Table 4). During this study 11 

OPAHs were quantified, five of those OPAHs were detected in most of the samples (SI-

Figure S3). The most abundant OPAHs in air during the DWH incident were 

acenaphthenequinone, benzofluorenone, 9,10-anthraquinone, and 9-fluorenone (Figures 2A-

C and SI S3). Over the course of the study, the OPAH with the highest concentrations in 

water were phenanthrene-1,4-dione, and acenaphthenequinone in LA, MS and AL while 1,4-

anthraquinone was the largest contribution in water at FL (SI Figure S3). Sum OPAHs at LA 

peaked in June-2 in air and June-1 in water, Σ22airOPAH 17 (±1) ng/m3 and Σ22waterOPAH 

635 (±60) ng/L. The individual OPAHs contributing to this high Σ22air OPAH were 

chromone and acenaphthenequinone, after the June-2 sample, a decrease of 10-15 fold was 

observed in Σ22airOPAH concentrations. However, water concentrations of 

phenanthrene-1,4-dione 257 (±40) ng/L, and acenaphthenequinone 185 (±30) ng/L remained 

elevated at LA through May 2011.

Σ22waterOPAH concentrations at the MS site were less than 25 ng/L for the first six sampling 

periods (Figure 2C). The most frequently observed was benzofluorenone (SI Figure S3). 

Σ22waterOPAH concentrations were elevated in February, April and May 2011 at 

concentrations of 369 (±60), 262 (±40), and 112 (±20) ng/L respectively, p < 0.05 when 

compared to the other 5 sampling events for each of these observations. In each instance, 

acenaphthenequinone had the greatest contribution to theΣ22waterOPAH. Conversely, 

Σ22airOPAH at MS was significantly higher in May 2011 at 1.1 (±0.05) ng/m3 than in all 

previous sampling times (p ≤ 0.05). The high concentrations of OPAHs in air in May 2011 

suggest that air quality may have been impacted by factors other than the DWH incident, 

given the proximity of this site to urban and industrial activities, it is important to consider 

possible inputs from local sources. Increased levels of OPAHs in Gulf of Mexico waters 

during later sampling in 2011 may be evidence of the continuing transformation of PAHs in 

the system into OPAHs.

The Σ22airOPAH levels at AL were approximately 200-fold less than the highest 

concentrations observed at LA or FL. The highest Σ22airOPAH at AL was during June-2 

sampling at 0.18 (±0.1) ng/m3, and concentrations gradually decreased throughout the study 

to a minimum of 3.4E-3 (±2.8E-3) ng/m3 in April (Figure 4A). OPAHs in water were 

minimal at the onset of sampling and peaked during the last sampling event. The lowest 

Σ22waterOPAH concentration at AL, 2.2 (±0.5), was observed during May 2010 and the 

highest Σ22waterOPAH, 617 (±100) ng/L, was recorded during May 2011.

The highest concentration Σ22airOPAH observed during the study was measured at FL in 

July at level of 34 (±1.8) ng/m3; this observation was significantly different from all other 

samples (p < 0.05) (Figure 4A). The high concentration is largely due to chromone (SI 

Figure S3). Due to short atmospheric half-lives and multiple formation pathways, positively 

identifying sources of OPAH is an ongoing research question. The potential for July 

Σ22airOPAH at this site to be affected by factors other than DWH is likely. Σ22waterOPAH 
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concentrations in FL reached a peak concentration of 92 (±50) in June-1 a value nominally 

six times lower than the highest observed concentration at the LA site (Figure 4C). Unlike 

the other three sites, waterborne OPAH in Gulf Breeze, FL showed little temporal variation 

during the course of this research.

In a study in southern France, the highest combined gas and particle OPAH values observed 

was nominally 50 to 70% less than the highest concentrations observed in LA and FL 

respectively.54 The high concentrations of vapor phase OPAHs observed during July is much 

higher than what has been previously characterized in typical urban settings.54 A study in 

Texas showed elevated vapor phase levels of benz[a]anthracene-7,12-dione during the 

summer, and was proposed to be a result of temperature dependent partitioning between the 

particle bound and vapor phase OPAHs.55 While similar meteorological conditions occurred 

during this study, the OPAH levels actually decreased dramatically during the summer. This 

observation lends support to the idea that elevated levels were due to a specific input(s) 

disrupting typical environmental conditions, and not simply a shift in partitioning between 

the vapor and aerosol phase.56-58 A study performed in Oregon on the Willamette River in 

the Portland Harbor Superfund found dissolved OPAH concentrations in water ranging from 

6 ng/L to 50 ng/L.34 This observation by O'Connell et al. 2014 is nominally 12 times lower 

than the highest water value reported here.34 While toxicity of OPAHs is not thoroughly 

known, early evidence suggest development toxicity may be the same or higher for some 

OPAHs than the parent PAH.7 Therefore, OPAHs appear to be an important consideration as 

part of the transport, weathering and ecosystem health during environmental disasters.9, 53

OPAH air-water exchange

To the authors' knowledge this is the first report of OPAH flux. Direction and approximate 

magnitude for the OPAH flux is show in Figure 4D-F. Structures of the OPAHs investigated 

in this flux assessment can be found in SI figure S4. Unlike PAHs, where the net flux 

changed from volatilization to deposition during the study, Σ7OPAH flux was in 

volatilization at all sites throughout the study. LA and AL had the largest magnitude of 

volatilization in June-1 and August, respectively. Large Σ7OPAH volatilization at all four 

sites was primarily driven by the movement of acenaphthenequinone and benzofluoreneone 

from water to air. Benzofluorenone flux at each site was of significantly lower magnitude 

than acenaphthenequinone; however, benzofluorenone was found to be of a very transient 

nature, with decreasing rates of volatilization over time in LA and FL and large spikes in 

volatilization in September in MS and LA. . The nature of the dynamic movement between 

environmental compartments and the observed magnitudes indicate further investigation of 

OPAH flux is warranted. The extremely high magnitude of OPAH flux to the atmosphere 

concurrent with the DWH incident shows that OPAHs as well as PAHs need to be assessed 

for environmental fate and transport when assessing the long term impacts of an 

environmental disaster.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A.) Sampling locations along the Gulf of Mexico. B.) Samplers deployed off piers at each 

sampling site. C.) Air sampling cage affixed to pier in Gulf Breeze, FL.
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Figure 2. 
A.)Σ33 PAH vapor phase concentrations in air. B.) Σ33 PAH dissolved concentrations in 

water.16 C.) Σ13 PAH net flux D.) Phenanthrene flux. E.) Naphthalene flux. F.) Fluoranthene 

flux. Error bars represent the calculated 95% confidence interval based on pooled variance 

from a replication study.
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Figure 3. 
A.) Principal component analysis (PCA) plots representing all sampling events. Green and 

blue triangles represent samples prior to, and after the well head was capped respectively. 

A1 is labeled by state, and A2 is labeled by events numbered #1 through 11 (representing 

May 2010 to May 2011), and A3 are PAH vectors (p1= naphthalene, p2= 1-

methylnaphthalene, p3= 2-methylnaphthalene, p10= phenanthrene, p12=2-

methylphenanthrene). B.) Individual state PCA plots. C.) Ratio of 2-3 ring/4-6 ring PAHs for 

each site during each sampling event.
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Figure 4. 
A.) Σ22 OPAH vapor phase concentrations in air. B.) Acenaphthenequinone vapor phase 

concentrations in air. C.) Σ22 OPAH dissolved concentrations in water. D.) Σ7 OPAH net flux 

E.) Benzofluorenone flux. F.) Acenaphthenequinone flux. Error bars represent the calculated 

95% confidence interval based on pooled variance from a replication study.

Tidwell et al. Page 18

Environ Sci Technol. Author manuscript; available in PMC 2017 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Correction to Original Article

	Materials and Methods
	Sample collection
	Sample processing and chemical analysis
	Quality control
	Air-water flux calculation
	Data modeling

	Results and Discussion
	Vapor PAHs in coastal air of four Gulf Coast states
	Comparing Gulf of Mexico air PAHs to literature values
	PAH air-water exchange
	PAH chemical profiles and source modeling
	Oxygenated polycyclic aromatic hydrocarbons in air and water
	OPAH air-water exchange

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

