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Abstract 

This study evaluated impacts of the BP Deepwater Horizon (DWH) oil spill on petroleum 

hydrocarbons in surface waters of the Louisiana continental shelf in northern Gulf of Mexico.  

Surface water (~top 5cm) without visible oil was collected from three cruises in May 2010 

during the oil spill, August 2010 after the well was capped, and May 2011 one year after the 

spill.  Concentrations of total dissolved n-alkanes (C9-C35) in surface seawater were more than an 

order of magnitude higher in May 2010 than August 2010 and May 2011, indicating 

contamination by the DWH oil spill.  This conclusion was further supported by more abundant 

smaller n-alkanes (C9-C13), together with pristane and phytane, in May than August 2010 

samples.  In contrast, even carbon-numbered dissolved n-alkanes (C14-C20) dominated the May 

2011 samples, and this distribution pattern of dissolved n-alkanes is the first documentation for 

water samples in the northern Gulf of Mexico.  However, this pattern was not observed in May 

2011 suspended particles except for Sta. OSS.  This decoupling between dissolved and particle 

compositions suggests that either these even carbon-numbered n-alkanes originated from bacteria 

rather than algae, or that the alkanes in the shelf were transported from elsewhere.  

Concentrations of polycyclic aromatic hydrocarbons (PAHs) in suspended particles were 5 times 

higher on average in May 2010 (83-252 ng L-1) than May 2011 (7.2-83 ng L-1), also indicating 

contamination by the DWH oil spill.  Application of a biomarker ratio of 17α(H),21β(H)-30-

norhopane over 17α(H),21β(H)-hopane confirmed that suspended particles from at least two 

stations were contaminated by the DWH oil spill in May 2010.  Taken together, these results 

showed that surface waters of the sampling area in May 2010 were contaminated by the oil spill, 

but also that rapid weathering and/or physical dilution quickly reduced hydrocarbon levels by 

August 2010.   
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1. Introduction   

As one of the most severe marine oil disasters, the Deepwater Horizon (DWH) oil spill 

released approximately 4.9 million barrels of oil from April 20 to July 15, 2010, and 2 million 

gallons of chemical dispersants were applied to the Gulf waters (Crone and Tolstoy, 2010; Joye 

et al., 2011; Kujawinski et al., 2011; Leifer, 2010; Reddy et al., 2011).  The oil and chemical 

dispersant released during the DWH spill have both short- and long-term impacts on northern 

Gulf of Mexico ecosystems (Rabalais, 2011).  Most studies of the DWH oil spill have focused on 

the “visible” oil, including the underwater oil plume (Camilli et al., 2010; Hazen et al., 2010), 

methane (Joye et al., 2011; Kessler et al., 2011), dispersant (Kujawinski et al., 2011), and oil 

mousses on sea surface and shorelines (Kostka et al., 2011; Liu and Liu, 2013; Liu et al., 2012).  

Surface waters without visible oil have not been emphasized in the affected northern Gulf, 

despite their susceptibility to contamination and importance as ecological habitats.   

Due to its lower density than water, a major fraction (>65%) of the oil rose to the sea 

surface after the DWH oil spill (Ryerson et al., 2012), and was then evaporated or washed to 

shorelines by currents.  Dynamic physical forcing processes may enhance oil emulsification and 

dilute oil components by mixing them with non-contaminated waters.  The dissolution of 

petroleum hydrocarbons was perhaps enhanced by the application of 1.4 million gallons of 

dispersant on sea surface oil during the oil spill between May 15 to July 12, 2010 (Kujawinski et 

al., 2011).  Therefore, the “soluble” hydrocarbons may have contaminated surface waters during 

their physical transport from the accident site to shorelines.  For example, enhanced levels of 

polycyclic aromatic hydrocarbons (PAHs), a major group of crude oil, were detected in the 

shoreline seawater without visible oil along the northern Gulf of Mexico after the DWH oil spill 

(Allan et al., 2012).   
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The crucial ecological role of coastal surface waters in northern Gulf of Mexico 

ecosystems merits study of the potential effects of contamination by the DWH oil spill.  For 

example, surface water provides important habitats for fish larvae and zooplankton.  The 

Louisiana continental shelf provides important fishery nursery beds that service 75% of all 

fisheries landings in the Gulf of Mexico (Cowan et al., 2008).  Surface water may serve as an 

important media for trophic transfer of oil carbon from oil slick and mousse contamination 

during the transport from the accident site to shorelines.  Indeed, oil carbon has been detected in 

suspended particles and mesozooplankton in the shelf region off Mobile Bay in northern Gulf of 

Mexico from June to August, 2010 (Graham et al., 2010).  PAHs are particularly toxic to small 

organisms, especially fish larvae living at sea surface (Incardona et al., 2004).  Other ecological 

impacts of surface water oil contamination include reduced primary production in the water 

column caused by attenuation of sunlight penetration.  Further, gas exchange rates between the 

ocean surface and atmosphere are inhibited by organic films (Hebrard et al., 2009; Mackay, 

1982), which may exacerbate the development of hypoxic conditions in the northern Gulf of 

Mexico (Rabalais et al., 2010). 

Petroleum hydrocarbons may not last long in surface waters, due to weathering processes 

including evaporation, dissolution, biodegradation, and photooxidation (Fingas, 1999; Hunt, 

1996; Liu and Liu, 2013; Liu et al., 2012; Plata et al., 2008).  In the northern Gulf, oil 

degradation may be enhanced at the sea surface by high water temperatures and strong solar 

irradiance.  The DWH oil is susceptible to microbial degradation , as observed  in the deep ocean, 

at the beach, or in oligotrophic surface waters (Edwards et al., 2011; Hazen et al., 2010; Kostka 

et al., 2011; Liu and Liu, 2013; Valentine et al., 2010).  Microbes play an essential role in 

degrading oil in marine environments, but bacterial growth may be limited by nutrient 
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availability, such as phosphate in the oligotrophic Gulf of Mexico (Edwards et al., 2011; 

Pomeroy et al., 1995).  However, our study area in the northern Gulf of Mexico is influenced 

largely by the Mississippi River plume (Rabalais et al., 2002), which provides adequate nutrients 

for bacteria degradation.    

In this study, we examined the fate of petroleum hydrocarbons in surface waters of the 

northern Gulf of Mexico and evaluated the extent of their weathering with time.  We measured 

petroleum hydrocarbons, including n-alkanes, pristane, phytane, and PAHs in both dissolved and 

particulate phases in surface samples collected in May and August 2010 and May 2011.  Our 

overall hypothesis is that the surface water without visible oil in the near-shore northern Gulf of 

Mexico was contaminated by oil from the spill.  Specifically, two questions are addressed: (1) 

How extensively was the sea surface contaminated by the DWH oil spill, and (2) How did the 

composition of the oil spill contaminants such as n-alkanes change over time on the sea surface?   

   

2. Methods  

2.1. Sample collection 

 Surface water samples were collected at 6 stations along the Louisiana continental shelf 

during three cruises within 100-300 km of the DWH spill site: May 20-27 and August 3-10, 

2010, and May 19-25, 2011 (Fig. 1 and Table 1).  Sampling stations were named (in part) 

according to the long-term hypoxia study in this area (Lin et al., 2011; Rabalais et al., 2002).  

These stations include hypoxic continental shelf waters (C6, F5, and B6 or B7), the Mississippi 

River mouth waters (MRM), the shelf waters east of the Mississippi River birdfoot (CT), and 

waters off the continental shelf near the DWH oil spill site (OSS) (Table 1).  At each station, 4-6 

L of surface water (~ top 5 cm) without visible oil sheen or slick was collected using either a 
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polypropylene bucket or a peristaltic pump.  The sampling depth was controlled by careful 

bucket sampling or by the Tygon tubing (5 cm in the water) connected to the peristaltic pump.  

The 5 cm of surface water sampling can be viewed only as an approximate depth due to the up-

down movement of the ship caused by waves, although sea conditions were relatively calm 

during sampling.  The water was filtered immediately through pre-combusted 47-mm 0.7 m 

GF/F filters (Whatman) in a glass filtration apparatus.  Both the filters and filtrates were stored 

frozen at -20C until hydrocarbon extraction.  Aliquots of the filtrates (3x20 mL subsamples) 

were frozen for analyses of dissolved organic carbon (DOC).  Before use, all glassware was 

combusted at 450C overnight and the plastic items were sequentially cleaned with acid and 

dichloromethane (DCM).  Surface oil mousse, defined as oil emulsified with water, was 

observed only at CT and OSS stations during the May 2010 cruise, (Liu et al., 2012), and these 

stations were sampled last to minimize contamination from the ship and gear on deck.     

2.2. Chemical and statistical analyses 

2.2.1. Organic carbon and nitrogen analyses 

Particulate organic carbon (POC) and particulate nitrogen (PN) were measured with a 

Carlo Erba model 1602 CNS analyzer after the filters were acidified under acid fumes (HCl) to 

remove inorganic carbon (Liu et al., 2005).  The precision for this analyzer is 5% for N and 2% 

for C.  Dissolved organic carbon (DOC) was measured using a Shimadzu TOC-V CSH analyzer.  

Duplicate analyses agreed within 10%.   

2.2.2. n-Alkane and polycyclic aromatic hydrocarbon (PAHs) analysis 

Filters were extracted using DCM in Soxhlet apparatus for 20 h, and deuterated 

hexadecane-d34, acenaphthene(Ace-d10), phenanthrene(Phe-d10) and benzo[a]pyrene(BaP-d12) 

were added as surrogate standards.  Filtered surface water (2-4 L) was extracted twice with DCM 
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(150 mL) in a separatory funnel, and the same set of deuterated standards were added (Short and 

Harris, 1996).  The DCM extracts were combined, filtered through 20 g anhydrous sodium 

sulfate, concentrated by a Rotovap and exchanged with hexane to a final volume of 0.5 mL.  

Alkanes and PAHs in the extracts were separated and analyzed on a gas chromatography-mass 

spectrometry system (Shimadzu GC-MS QP2010 plus), with a RXi-1MS capillary column (28 m 

x 0.18 mm, 0.18 m film thickness) (Liu et al., 2012).  Briefly, the injection volume was 1 µL 

with a split ratio of 1/20.  The temperature of the column was ramped from 60 to 240C at a rate 

of 10C min-1, and then increased to 280C at a rate of 4C min-1 and held for 3 min.  The GC-

MS analysis was performed using selective ion monitoring mode to detect n-alkanes and PAH, 

with 200 milliseconds dwell time per ion.  Quantification was based on internal standards 

including fluorene-d10 and benzo[e]pyrene-d12, and external standards of PAH-3 (Sigma).  For 

the alkanes including pristane and phytane, peak integration was based on m/z 57 with reference 

ions of 71 and 85, and quantification was based on the internal standard hexadecane-d34 and 

external standards of n-alkanes C8-C40 (Sigma).  The recovery of hexadecane-d34 was 

77.111.0%.  In addition, we also quantified 17α(H),21β(H)-hopane, an inert petroleum 

biomarker.  Its structure identification was based on both scan and SIM mode data, and the peak 

integration was based on a base peak m/z 191 with a reference m/z 177 (Wang et al., 2004b).   

2.2.4. Principal component analysis (PCA) 

 PCA is a multivariate regression analysis that reduces the number of variables in a data 

set into two or three major principal components, which can be used to investigate compositional 

differences among samples (e.g., Liu et al., 2013; Meglen, 1992; Yunker et al., 1995).  With 

MATLAB, PCA was performed on compositions (weight %) of dissolved and particulate alkanes 
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in surface water.  For comparison, n-alkane data of an oil mousse collected at Sta. OSS during 

the oil spill was included to the data matrix (Liu et al., 2012).   

3. Results and Discussion 

3.1. The chemical properties of surface water 

Surface water salinities ranged from 6.7 to 34.3 at the 6 stations during the May 2010 

cruise (Table 1).  Low salinities at stations B6 and MRM were caused by freshwater input from 

the Mississippi River (Dagg et al., 2007).  Sea surface temperatures were above 26C at all 

stations in May 2010.  Dissolved oxygen was greater than 100% saturation, except for stations 

MRM and OSS with saturation values of approximately 77%.  All stations except station F5 had 

high chlorophyll fluorescence, suggesting high phytoplankton biomass in the Mississippi River 

plume in May 2010 (Lohrenz et al., 2008).  Nitrate concentrations at stations B6 and MRM were 

25.2 and 78.2 M, respectively, reflecting high freshwater discharge and nitrate input from the 

Mississippi River.  In contrast, nitrate concentrations at stations F5 and C6 were only about 1 

M and salinities were 34 and 29, respectively.   

During the August 2010 cruise, salinities ranged from 21.6 to 28.6, generally higher than 

those during the May 2010 cruise, in particular for stations B6 (26.0 vs. 14.3) and MRM (22.6 

vs. 6.7).  This pattern likely reflected a reduced Mississippi River freshwater input in August 

compared with May.  Surface water temperatures at all stations were above 31C in August 

2010, 3-5C higher than in May 2010.  Fluorescence values at stations C6, CT and OSS were 3-5 

times lower in August 2010 than in May 2010, suggesting lower phytoplankton biomass.   

Physical parameters and nitrogen levels during the May 2011 cruise were similar to those of May 

2010 cruise.   
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DOC concentrations ranged from 96-320 M in both May and August 2010 (Table 1).  

Concentrations of POC ranged from 11-92 M during the two cruises, except for station MRM 

(Mississippi River mouth) with exceptionally high POC, 123 M in May and 257 M in August 

(Table 1).  DOC and POC concentrations were elevated at mid-salinities (Fig. 2a, 2b), perhaps 

caused by phytoplankton production and heterotrophic processes in the Mississippi River plume 

(Benner and Opsahl, 2001; Dagg et al., 2004).  Concentrations of DOC and POC are consistent 

with previous studies in this region (Benner and Opsahl, 2001; Bianchi et al., 2009; Guo et al., 

2009; Pakulski et al., 2000; Shank and Evans, 2011; Wang et al., 2004a; Wysocki et al., 2006), 

suggesting that the large bulk organic carbon pool was not impacted to levels that can be 

differentiated from natural variations.  However, POC C/N atomic ratios, presumably a more 

sensitive indicator for hydrocarbon contamination, at CT and OSS in May (11.0 and 9.6) were 

significantly (t test, p<0.05) higher than in August (7.5 and 6.9) (Table 1; Fig. 2c).  Considering 

that oil was observed at both stations during the May cruise (Liu et al., 2012), we suspect that the 

higher C/N ratios may have resulted from particle contamination by the oil.  This conclusion was 

supported by the relatively high concentrations of particulate alkanes and PAHs at both stations 

(see sections 3.3 and 3.4).  

3.2. Dissolved alkanes in surface water  

Concentrations of dissolved alkanes ranged from 94-150 g L-1 in the surface water of 

four stations (F5, C6, OSS and MRM) in May 2010, but decreased by one order of magnitude in 

August 2010 (2.8 to 10.6 g L-1) (Fig. 3a).  Even though the levels in May 2012 increased to 

10.8-34.7 g L-1, they were still 5-10 times lower than in May 2010.  The high levels of 

dissolved n-alkanes in May 2010 were similar to petroleum-contaminated surface waters (200 g 

L-1) in the Rio de La Plata estuary, Argentina  (Colombo et al., 1989).  This result further 
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suggests that the surface water of the surveyed area was contaminated by the DWH oil spill in 

May 2010, but by August 2010, concentrations were within typical ranges reported in surface 

coastal waters with trace effects of petroleum such as Chesapeake Bay (3.16g L-1) (Hardy et 

al., 1990), although still higher than those in the open ocean or areas less impacted by human 

activities (0.3-0.6 g L-1) (Stortini et al., 2009).  Biological sources, such as algae and bacteria, 

could contribute to the high alkane levels, but this conclusion seems unlikely because 

concentrations of POC, an indicator of biological production, changed little from May to August 

(Table 1). The significantly lower alkane levels (t-test, p=0.0002) in May 2011 also supports the 

idea that surface waters were contaminated in May 2010.  This idea is further supported by the 

presence of an unresolved complex mixture (UCM) in the GC-MS chromatograms of the May 

2010 samples, particularly in those samples with high n-alkane concentrations (F5, C6, OSS and 

MRM).  In contrast, UCM was not observed in the May 2011 samples (Fig. S1 as a typical 

example).  In addition, a satellite image of the Mississippi River Delta shows oil slicks on the sea 

surface on May 24, 2010, near our sampling locations (Fig. S2).  Note that although the 

concentrations of n-alkanes were greatly enhanced during the May 2010 cruise, they comprised 

less than 10% of the total DOC concentration.  By contrast, n-alkanes represented less than 0.5% 

of the DOC concentration in August.  The small percentages of n-alkanes explain why the total 

DOC pool was not altered to a level that can be differentiated from the natural variations.   

The composition of n-alkanes in samples provides source and diagenesis information.  

Dissolved n-alkanes in surface waters ranged in size from C9-C35 in both May and August 2010 

cruises, and were dominated by C14 - C30 (typical n-alkane composition from station C6 is shown 

in Fig. 4a).  The n-alkanes with more than 23 carbon atoms exhibited a predominance of odd-

numbered compounds (Fig. 4a), suggesting a terrestrial plant contribution from Mississippi River 
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runoff (Hunt, 1996; Liu et al., 2013; Meyers, 1997; Yunker et al., 1995).  The carbon preference 

index (CPI), based on ratios of odd over even carbon-numbered n-alkanes (n>23), can 

differentiate biogenic vs. petrogenic sources for the n-alkanes in environment samples (Wang et 

al., 1999).  CPI values in May and August 2010 samples ranged from 1.4-2.9 (Table 1).  May 

samples had lower averaged CPI (1.8) than August samples (2.0), but were no different 

statistically at the 95% significant level using Student t- and F-tests.  These CPI values were 

higher than those for the oil mousse and oil sheen (1.1-1.2) collected in May 2010 which were 

typical (~1) of direct oil sources (Liu et al., 2012; Wang and Fingas, 2003), but they still suggest 

a certain degree of petroleum contamination at these stations.  

In contrast to results of May and August 2010, dissolved n-alkanes in May 2011 were 

dominated by even carbon-numbered n-alkanes, mainly from C14-C20 (Fig. 4b, Fig. S1c).  This 

pattern was also reflected by the low CPIs (0.11-0.25) in these samples (Table 1).  Additional 

data on Sta. C6 sample collected in May 2013 showed a similar pattern (data not shown).  This 

predominance of even carbon-numbered n-alkanes is somewhat surprising, as odd carbon-

numbered n-alkanes are often dominant in natural environments, such as long n-alkanes (n>23) 

of terrestrial plant wax (Liu et al., 2013; Meyers, 1997).  However, the predominant pattern of 

even carbon-numbered n-alkanes has been frequently observed in both surface sediments and the 

water column of marine environments (Elias et al., 1997; Hu et al., 2009; Lu and Meyers, 2009; 

Nishimura and Baker, 1986).  Even carbon-numbered n-alkanes can be produced from diagenetic 

reduction of fatty acids or alcohols (Simoneit, 1977), but this explanation would not be predicted 

for oxygenated surface waters (Table 1).  Instead, biogenic sources from diatom or bacteria may 

contribute to this even dominance of n-alkanes (Grimalt and Albaigés, 1987; Nishimura and 

Baker, 1986).  For example, the predominance of even carbon-numbered n-alkanes (n<24) in the 
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Amazon continental shelf was linked to microbial alteration of algal detritus (Elias et al., 1997).  

One possible source for the even carbon-numbered n-alkanes is from chain-forming Skeletonema 

costatum (Schenck et al., 1969), an abundant genus in the Mississippi River plume water (Dagg 

and Breed, 2003).  It is also possible these n-alkanes were derived from microorganisms that 

were sustained by the oil contaminants after the oil spill, as this phenomenon has been reported 

in Lake Erie sediments (Lu and Meyers, 2009).  The production of certain maximum n-alkanes 

from microorganisms may depend on environment conditions (Elias et al., 1997; Jones and 

Young, 1970), which may be optimal for even-numbered n-alkanes in the plumes of Mississippi 

and Amazon Rivers.  Indeed, n-alkanes have been shown to be dominated by even-numbered 

ones in surface sediments of the northern Gulf of Mexico at a station <20 km  away from Sta. 

OSS (Nishimura and Baker, 1986).  Our results support the conclusion that these n-alkanes were 

from marine organisms and provide the first documentation of even-numbered n-alkane 

predominance in northern Gulf of Mexico surface waters.  However, it remains unclear whether 

these even carbon-numbered n-alkanes were from biogenic or petroleum sources, which must be 

differentiated by compound specific isotopic analysis.   

Regardless of the exact sources for the n-alkanes measured during our study, it is clear 

that the compositional patterns of n-alkanes in 2011 differed markedly from those of 2010.  PCA 

analysis revealed distinct compositional differences of dissolved n-alkanes among the samples 

from the respective cruises (Fig. 5).  An oil mousse sample, collected at Sta. OSS during the oil 

spill in May 2010 (Liu et al., 2012), was also included for comparison.  Principal component 1 

(PC1) explained 36% variance of the data matrix, and PC2 20% of the remainder variance (Fig. 

5).  Along the x-axis, samples from May and August 2010 were clearly separated from the May 

2011 samples, which were dominated by even-numbered n-alkanes from C14-C20.  May 2010 
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samples, enriched with lighter n-alkanes (C9-C13), were separated from those of August 2010 

along the y-axis.  The oil mousse collected at Sta. OSS was heavier than May 2010 samples and 

resembles the August 2010 samples.  Overall, composition of the OSS mousse resembled the 

May and August 2010 water more than the May 2011 water.  The May 2010 samples also 

contained more abundant pristine (Pr) and phytane (Ph).  This grouping pattern provides strong 

evidence that surface waters in 2010 were contaminated by the DWH oil spill.   

The source of petroleum contamination can be traced using the ratio of pristane and 

phytane (Pr/Ph) (Volkman et al., 1997).  Pr/Ph ratios in May 2010 samples ranged from 0.53-

1.10 (Table 1), and were significantly higher than those of May 2011 (0.30-0.54, t-test, p=0.02).  

Therefore, the May 2010 samples were much closer to the Macondo source oil and weathered 

mousses, with Pr/Ph ratios ranging from 0.8-1.0 (Liu et al., 2012).  These ratios support the 

argument that the May 2010 surface waters were contaminated by the DWH oil spill.          

3.3. Alkanes in suspended particles  

 Concentrations of particulate alkanes (>0.7 µm) ranged from 1.2 to 11.7 ng L-1 in the 

May 2010 samples, with stations OSS and CT having the highest concentrations, 11.1 and 11.7 

ng L-1, respectively (Fig. 3b).  This pattern, in addition to high C/N ratios described above (Fig. 

2c), supports the notion that these two stations were contaminated by the oil spill.  Oil 

contamination is further supported by the significantly higher percentages of n-alkanes to POC 

(normalized to carbon) at stations OSS (1.3%) and CT (0.9%) than at stations C6, B6 and MRM 

(0.1-0.4%, p=0.02).  In August 2010, the concentration of n-alkanes was 2.0 ng L-1 at Sta. B6, 

the only available data from the August 2010 cruise.  Concentrations of particulate n-alkanes in 

May 2011 ranged from 0.8-4.3 ng L-1 among all stations but OSS, where the concentration 

reached 19.2 ng L-1.  In general, concentrations of particulate n-alkanes did not show as much 
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variation as those of dissolved alkanes between 2010 and 2011 samples.  This decoupling of 

particulate and dissolved alkanes suggests that the elevated dissolved alkanes in May 2010 may 

have been derived directly from surface oil mousse drifting from the accident site to the shores, 

possibly via dissolution processes.  Indeed, water samples from May 2010 during the oil spill 

were enriched with lighter n-alkanes with higher solubility than heavier alkanes (Sutton and 

Calder, 1974).  

Consistent with the concentration data, compositions of particulate alkanes were similar 

between May 2010 and May 2011 (Fig. S3).  However, only at Sta. OSS did the n-alkane 

composition of the particulate phase resemble the dissolved phase, thus suggesting a biogenic 

source of the even-numbered n-alkanes.  However, this consistency between dissolved and 

particulate phase was not observed for other stations.  One possible explanation is that the 

dissolved n-alkanes on the shelf originated from regions near Sta. OSS with depths of 100 m, 

while at other shallower stations (<30m), particulate n-alkanes were produced mostly in situ 

from a variety of different sources.  Alternatively, the even-numbered n-alkanes may have been 

produced by microorganisms that were sustained by oil contaminants in the region adjacent to 

the DWH accident site (Lu and Meyers, 2009), including the Sta. OSS, and these compounds 

were transported to the shelf region.  More research is needed to decipher this intriguing 

phenomenon, which is beyond the scope of this study.  

 Concentrations of 17α(H),21β(H)-30-hopane, a conservative inert biomarker of 

petroleum (Prince et al., 1994), ranged from 47-238 ng L-1 among May 2010 samples, highest at 

OSS and lowest at C6 (Table 2).  In contrast, concentrations in May 2011 ranged from 30-142 ng 

L-1, highest at MRM.  Overall, Sta. OSS had the highest concentration in May 2010 (238 ng L-1), 

consistent with the idea that the surface water at this station was contaminated during the DWH 
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oil spill.  To further investigate the contamination source, the ratio of 17α(H),21β(H)-30-

norhopane over 17α(H),21β(H)-hopane (C29/C30) was examined (Prince et al., 1994; Wang et al., 

2004b).  The C29/C30 ratio of 0.52 measured in the Macondo well oil was consistent with other 

studies (Carmichael et al., 2012).  The C29/C30 ratios in particles from the OSS and B6 samples in 

May 2010 also resembled the source oil (Table 2), providing convincing evidence that the DWH 

oil spill was indeed the contamination source.  In contrast, the ratios of 2011 samples ranged 

from 0.61-0.84 and deviated substantially from that of the Macondo well oil.  It is important to 

note that the hopanes measured were from water samples without visible oil, so even if samples 

were contaminated, petroleum hydrocarbons in the samples may be highly weathered, and/or the 

signal could be diluted by other contamination sources, considering the abundance of oil rigs in 

this region.  

3.4. PAHs in surface water suspended particles 

 PAHs are a group of toxic contaminants that are carcinogenic and mutagenic to humans 

and wildlife.  The DWH oil spill released about 2.1x1010 g PAHs, which represented 

approximately 3.9% of the Macondo well oil by weight (Reddy et al., 2011).  Particulate PAHs 

in northern Gulf of Mexico were measured for both May 2010 and May 2011, but dissolved 

PAHs were measured only for the May 2011 when samples were available.  Concentrations of 

particulate PAHs ranged from 84-252 ng L-1 in the May 2010 samples and were highest at 

stations CT and OSS, respectively (228 and 252 ng L-1; Table 1 and Fig. 5).  This pattern is 

consistent with the high concentrations of particulate alkanes and C/N ratios at these two 

stations, all indicating oil contamination.  Among the 16 PAHs listed by US EPA, the detectable 

PAHs included naphthalene, phenanthrene, fluoranthene and pyrene.  The dominance of these 

four types of PAHs is consistent with values measured in the water along the coastal shoreline 
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near the accident site (Allan et al., 2012).  The PAH composition of these particles is somewhat 

different from those of surface oil mousses, which were dominated by phenanthrene and 

chrysene (Liu et al., 2012).  This is not surprising, as these PAHs exhibit different solubilities, 

with compounds dissolved in the water or reattached to suspended particles likely to have lower 

molecular weights than those associated with oil slicks or mousses.   

The levels of particulate PAHs collected in May 2011 were lower than in May 2010, 

ranging from 7.2-83.3 ng L-1.  This significant decrease of PAHs from 2010 to 2011 (p=0.002) 

indicates that weathering processes, such as physical dilution, photochemical reaction and 

biodegradation, decreased the level of petroleum hydrocarbons in surface waters (Liu and Liu, 

2013; Liu et al., 2012).  This pattern is consistent with the decreases in dissolved and particulate 

alkanes from 2010 to 2011 (Fig. 3).   

 

4.  Conclusions and Implications 

   Bulk chemical properties, such as POC and DOC, of northern Gulf of Mexico surface 

waters without visible oil were not measurably altered by the DWH oil spill, when compared to 

their natural variations.  However, multiple lines of evidence show that surface waters in this 

area were indeed contaminated by petroleum hydrocarbons in May 2010.  Concentrations of 

dissolved alkanes and particulate PAHs were significantly higher in May 2010 than August 2010 

and May 2011.  Contamination signals, including enhanced hydrocarbon levels and C/N ratios as 

well as diagnostic inert biomarker ratios consistent with Macondo oil, were evident in May 2010 

at stations OSS and CT.  Also, composition of dissolved alkanes in 2010 resembles the oil 

mousse more than the dissolved alkanes in 2011.  This study is the first to document the 

dominance of even carbon-numbered dissolved n-alkanes (C14-C20) in northern Gulf of Mexico 
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surface waters collected in May 2011, and the source of these alkanes seems to be related to 

microbial activity.  Petroleum hydrocarbon levels decreased rapidly during the sequential 

samplings from May 2010, August 2010, to May 2011, suggesting that the surface oil underwent 

rapid weathering in warm near-shore coastal waters and/or was rapidly diluted by physical 

dynamic processes.  The data also provide evidence that important quantities of oil contaminants 

are transported via surface waters even in the absence of noticeable surface oil slicks.    
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Table 1. Physical and chemical parameters at sampling stations in the northern Gulf of Mexico during May 20-27a and August 3-10b, 

2010, and May 19-25c, 2011.  The stations are listed in the order of their distances to the DH wellhead.   

 

Stations 
Distance 

to the 
well (km) 

*Salinity 
*Temp 

(ºC) 
*DO 

(mg L-1)@ 
*Fluor 

NO3 

(M) 

DOC 
(µM) 

POC 
(µM) 

PN 
(µM) 

C/N 
Dissolved 
alkanes 
(µg L-1) 

Particulate 
alkanes 
(µg L-1) 

Particulate 
PAHs  

(ng L-1) 

pr/ph& 
(dissol
ved) 

pr/ph& 
(particul

ate) 

CPI# 
(dissolve

d) 

CPI# 
(particul

ate) 

F5a 317 34.3 26.5 6.61 (100%) 0.04 1.18 95.8 10.7 1.5 7.1 110 -- -- 1.10 -- 1.61 -- 
C6a 203 28.3 27.1 8.74 (129%) 0.36 1.33 238 88.0 9.9 8.9 142 1.2 83.5 0.53 1.60 2.27 1.16 
B6a 167 14.3 27.6 8.20 (112%) 0.37 25.2 204 91.8 15.3 6.0 -- 3.4 178 -- 0.66 -- 1.46 

MRMa 106 6.7 26.1 6.13 (79%) 0.34 78.2 250 122.7 9.7 12.6 85.8 6.2 214 0.66 0.78 1.79 1.48 
CTa 238 23.4 28.4 8.35 (122%) 0.39 ND 179 84.7 7.7 11 -- 11.1 228 --  0.64 -- 1.17 

OSSa 133 28.6 28.7 8.54 (77%) 0.20 ND 167 63.6 6.6 9.6 94.5 11.7 252 0.80 0.63 1.46 1.40 

F5b 317 21.6 32.5 7.05 (109%) 0.12 ND 267 83.9 11.5 7.3 3.5 -- -- ND -- 1.96 -- 
C6b 203 27.7 31.9 6.43 (102%) 0.07 ND 192 32.0 3.2 10 2.7 -- -- ND -- 2.91 -- 
B6b 167 26.0 31.8 6.05 (95%) 0.32 ND 317 81.2 11.6 7.0 3.5 2.0 55.7 ND 0.44 1.43 1.51 

MRMb 106 22.6 31.7 4.83 (74%) 0.32 ND 225 257 22.4 11.5 -- -- -- ND 0.95 -- 2.18 
CTb 238 27.5 31.6 6.31 (96%) 0.09 ND 250 40.7 5.4 7.5 4.2 -- -- ND 0.86 1.86 2.18 

OSSb 133 28.6 31.1 6.12 (94%) 0.07 ND 183 29.6 4.3 6.9 9.4 -- -- ND -- 1.96 -- 

F5c 317 33.6 24.2 6.68 (97%) 0.04 0.55 125 -- -- -- 28.9 -- -- 0.30 -- 0.12 -- 
C6c 203 26.9 24.4 7.40 (103%) 0.04 4.73 208 -- -- -- 10.8 4.3 7.2 0.43 0.88 0.18 1.78 
B6c 167 33.6 24.2 6.68 (97%) 0.06 2.22 200 -- -- -- 30.0 0.8 22.0 0.54 1.26 0.25 1.11 

MRMc 106 9.9 25.1 7.46 (96%) 0.12 25.35 283 -- -- -- -- 3.5 25.7 -- 0.80 -- 1.50 
CTc 238 26.8 24.9 8.45 (119%) 0.06 4.31 183 -- -- -- 34.7 2.5 83.3 0.48 0.69 0.16 1.08 

OSSc 133 -- -- -- -- -- -- -- -- -- 24.8 19.2 62.1 0.35 0.48 0.11 3.34 

 

 

*Salinity, Temperature (Temp), dissolved oxygen (DO), and fluorescence (Fluor) data are collected by the CTD at depths of 0.2m.  At each station, the data are 

averaged from about 10 or more data points, and the relative standard deviations are less than 1%.  The fluorescence (Fluor) sensor was tuned to chlorophyll a, 

but not calibrated, so the data only provides a relative comparison of phytoplankton biomass among the stations.  
@The percentages after the DO concentrations represent the saturation degrees.  
&Ratio of pristane (pr) over phytane (ph).  
#The CPIs of dissolved n-alkanes were calculated using the equation: CPI= (C23+C25+C27+C29+C31+C33)/(C24+C26+C28+C30+C32+C34). C23-34 represents n-alkanes.  

ND: not detected.  

-- no data due to either not sampled or sample loss during the sample pretreatment. 
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Table 2. Concentrations of 17α(H),21β(H)-hopane (H) in surface particulate samples collected 

among different cruises.  The ratios of 17α(H),21β(H)-30-norhopane over 17α(H),21β(H)-

hopane (C29/C30) was also calculated.    

 

Station C30 (ng L-1) C29/C30 

MRMa 188 0.77 

C6a 47.6 0.71 

OSSa 238 0.50 

B6a 129 0.53 

B6b 35.3 0.60 

MRMc 142 0.75 

CTc 108 0.84 

C6c 80.4 0.58 

OSSc 104 0.71 

B7c 30.3 0.61 

Macondo oil 64.5±6.5d 0.52 

 

aMay 2010; bAugust 2010; cMay 2011; dmg kg-1 



Liu et al. Page 26 

 

 

Figure Captions  

 

Figure 1. Sampling stations in the northern Gulf of Mexico.  The 6 stations were sampled during 

three cruises from May 20-27 2010, August 3-10, 2010, and May 19-25, 2011. 

 

Figure 2. Relationships between salinity and (a) DOC, and (b) POC in surface waters of the 6 

stations sampled in May and August, 2010.  The linear regression line (mixing line) is based on 

the data from three stations.  The elevated DOC values above the mixing line illustrate the mid-

salinity production.  (c) Atomic C/N ratios of suspended particles collected in May and August 

2010 at each station.   

 

Figure 3. Concentrations of (a) dissolved and (b) particulate n-alkanes in samples collected in 

May and August 2010, and May 2011 at each station.   

 

Figure 4. Concentrations of dissolved n-alkanes at Sta. C6 in (a) May 2010, and (b) May 2011.  

Error bar represented one standard deviation of duplicate samples.   

 

Figure 5.  Principal component analysis (PCA) on dissolved alkanes from samples collected in 

May 2010 (5.2010), August 2010 (8.2010), and May 2011 (5.2011).  Data from a mousse sample 

collected at Sta. OSS in May 2010 were also included (Liu et al., 2012).  The n-alkanes, pristane 

(Pr) and phytane (Ph) were normalized to weight percentages for the PCA.  The principal 

component 1 (PC1) along the x-axis explains 36% of the total variance of the data set, and the 

PC 2 along the y-axis explains 21% of the total variance. These 2011 samples (solid circles in the 

figure) are separated due to the dominance of even carbon-numbered n-alkanes (C14-C20).  
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Figure S1.  The GC/MS spectrum of hydrocarbons (m/z=57) in dissolved waters collected at Sta. 

OSS in (a) May 2010 and (b) May 2011.  A UCM was observed in the May 2010 water, but not 

the May 2011 water, indicating the oil contamination to the Sta. OSS water in May 2010 during 

the Deepwater Horizon oil spill.  The total ion chromatograms (50-500 a.m.u.) basically showed 

similar patterns with ones at m/z=57 for the 2010 samples.  (c) An expanded chromatogram in 

the retention time range of 18-23.5 min to show the dominance of even-carbon numbered n-

alkanes (C18, C20 and C22) in the OSS sample.  The pink curve is the sample, and the black one 

refers to the n-alkane standards.  
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Figure S2. The image of the Mississippi Delta on May 24, 2011 by Terra Satellites 
(http://www.nasa.gov/topics/earth/features/oilspill/oil_spill_gallery.html). This image clearly 
shows that the oil slicks from the BPDH oil spill on the sea surface of the Mississippi Delta area, 
impacting our sampling stations during the May cruise (May 20-27, 2010).  On May 24, we were 
at station MRM sampling (Figure 1). 

http://www.nasa.gov/topics/earth/features/oilspill/oil_spill_gallery.html�


 

Figure S3. Principal component analysis on alkane compositions of particulate samples collected 
in May 2010, August 2010, and May 2011.  An oil mousse sample collected in May 2010 was 
included (OSS_oil).  There is no clear compositional patterns for the particulate samples, expect 
that the OSS particulate sample (OSS_2011.5_P) was dominated by even carbon-numbered n-
alkanes C16-C20.  
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