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Abstract 

Formation of oil-suspended sediment aggregates (OSAs) is believed to be one of the natural cleaning 

processes in the marine environment. In this study, we have investigated the formation processes of 

OSAs under different mixing periods (continuous mixing and with the addition of sediments in 

between), oil-sediment ratios (1:1, 1:2 and 2:1) and crude oils {Arabian Light (AL), Kuwait(KW) 

and Murban(MB)}. The results revealed that size of OSAs significantly increased (up to ≈ 1.41mm) 

with the addition of sediments. Aggregates (total 36) were extracted for n-alkanes and polycyclic 

aromatic hydrocarbons to quantify and assess their weathering and toxic levels. The maximum n-

alkane depletion was 84% (111-02), 94% (212-02) and 84% (321-02,) and PAH depletion was ≈ 

72% (111-02), 79% (212-02) and 81% (311-03) for the OSAs of AL, KW and MB crude oils, 

respectively for the different samples considered, indicating that n-alkanes were depleted relatively 

higher than the PAHs. The highest depletion of both n-alkane and PAHs has occurred in OSAs of 

10h continuous mixing. The depletion of both n-alkane and PAHs reduced after the addition of 

sediments, however, escalated the growth of OSAs, resulting in bigger size OSAs. The concentration 

of PAHs of all 36 OSAs is greater than 5000 ng/g, indicating very high PAH pollution. Though the 

formation of OSAs helps in cleaning the spill sites, the carcinogenic threat to the marine ecosystem 

caused by these OSAs cannot be ignored.  
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1. Introduction 

Oil spills in the sea are of great concern in terms of their damage to the marine ecosystem and loss of 

economy; cleaning of spill-affected sites is also a challenging task. The global demand for oil is 

increasing day by day, leading to increase in oil exploration and transportation across seas and 

oceans, and this may also result in increase of marine oil spills. Oil spill accidents are serious threat 

to the marine ecosystem and the authorities are more concerned about containing the spilled oil in a 

very effective way. Many studies have been carried out on removal of spilled oil from the surface by 

using chemical dispersants. However, the efficiency of dispersants and their effects on the marine 

environment is still not understood properly. One school of thought is that oil-SPM aggregates that 

are formed naturally can be used to clean the spilled oil effectively. Polycyclic aromatic 

hydrocarbons (PAHs) are one of the carcinogenic components of oils, and they pose severe threat to 

the environment because of their toxicity, carcinogenic and mutagenic properties (Deng et al. 2013). 

The Deepwater Horizon (DWH) oil spill occurred in the Gulf of Mexico during 20 April -15 July 

2010 released ≈ 4.9 million barrels of oil (Liu et al. 2012; Sammarco et al. 2013), and created a huge 

environmental damage. Another incident on 28 January 2017 off Chennai coast, India due to 

collision of 2 vessels resulted in ≈ 196 metric tonnes of bunker fuel oil spill (grade 6) into the Bay of 

Bengal waters (Han et al. 2018), and seriously damaged the coast. 

In general, the spilled oil in the sea undergoes various weathering processes such as  evaporation, 

emulsification, dispersion, dissolution, photo-oxidation, sedimentation, adhesion to minerals and 

biodegradation. Eventually, some of these processes lead to formation of tar balls (Aghajanloo and 

Pirooz, 2011, Fingas, 2011, NRC, 2003). These processes are mainly controlled by oil type and 

hydrodynamic and environmental conditions. The type of weathering processes can be determined 

using the diagnostic ratios of select components, primarily from aliphatic and aromatic compounds 

(Wade et al. 2016). During vertical dispersion, the oil droplets interact with suspended particulate 

matter(SPM) to form Oil SPM Aggregates (OSAs)(Spaulding 1988, Khelifa et al. 2002, 2005, Payne 

et al. 2003, Ajijolaiya et al.2006, Sun and Zheng 2009, Gong et al. 2014, Hospital et al. 2016). OSAs 

are also termed as oil mineral aggregates (OMAs) (Lee et al. 1998). Many laboratory experiments 

were performed on OSA formation in a controlled environment for better understanding of the 

dynamics involved (Payne et al. 2003, Khelifa et al. 2007, Li et al. 2007, Loh et al. 2014, Sørensen et 

al. 2014, Sun et al.2014, Moreira et al. 2015, Gustitus et al. 2017). It is considered that formation of 

OMA/OSA is a natural remediation process of oiled shorelines (Owens and Lee, 2003). For example, 

the natural cleansing of shorelines impacted by the spills of Exxon Valdez (Bragg and Owens, 1995; 

Bragg and Yang, 1995) and Sea Empress (Lee et al. 1997). It is well recognized that the formation of 



3 

 

natural OSAs is effective to clean the spilled sites in the marine environment only to an extent based 

on weathering, and availability of sediment particles (Sun et al. 2014). Sun et al. (2014) studied the 

OSA formation with respect to different mixing energies and indicated that OSAs are formed rapidly 

when sufficient mixing energy and suspended particulate matter (SPM) are available in the water 

column. Under moderate sediment concentrations and realistic mixing energy levels, formation of 

OSA may contribute to dispersion of 20 to 37% of the spilled oil within the first 2 h of the spill. 

Based on the previous incidents on oil spill accidents, Lee and Page (1997) have postulated that 13% 

of the spilled oil can enter into sub tidal regions. It is observed that aggregation between oil and 

suspended particulate matter occurs in the coastal region, where the SPM is rich (Sun et al. 2015). 

The interaction between the dispersed oil droplets with the SPM has  a significant role in transporting 

bulk quantities of spilled oil (Bandara et al. 2011) and polycyclic aromatic hydrocarbons (PAHs) to 

the sub-tidal sediments(Payne et al. 2003). Hospital et al. (2016) identified ≈ 30,000 tons of spilled 

oil which was deposited in the inter-tidal sediments in the form of OSAs after the Braer oil spill 

incident in 1993. Numerous studies are conducted on oil-SPM interaction, but it remains complex to 

understand the dynamics of the process in a quantitative manner. Several numerical studies revealed 

that up to 65% of the spilled oil can be removed as OSAs from the water column (Gong et al. 2014). 

During the oil-SPM interaction, highly soluble monocyclic aromatic compounds and volatile C1–C10 

aliphatic compounds are partitioned into the marine water column where they subsequently 

evaporate and biodegrade, while intermediate and higher molecular weight aliphatic and PAH 

compounds remain associated with the OSAs (Payne et al. 2003). The ultimate fate of these OSAs in 

the natural marine environment and their toxic or carcinogenic levels are poorly studied. There is a 

high possibility that some of these OSAs may be buried in the costal sediments, and if they are 

washed to the shore, may be buried on high tide lines of the beaches or washed back to the sea if 

appropriate cleaning measures are not taken in a timely manner. Thus, the carcinogenic 

hydrocarbons that are trapped in the OSAs may return to the marine environment. 

Polycyclic aromatic hydrocarbons (PAHs) are carcinogenic, mutagenic and toxic to the marine 

environment and to the human. Their emergence to the environment has become serious concern to 

the stake-holders and researchers (Cao et al. 2009, Karami et al. 2012). The sources of PAHs are 

broadly categorized into three types: pyrogenic- derived from the incomplete combustion, 

petrogenic- caused by the petroleum sources and diagenic- derived from plant materials and 

precursors (Zakaria et al. 2002). PAHs comprised of two to six fused aromatic rings in which PAHs 

compounds with two and three rings (low molecular weight) have a significant acute toxicity, 

whereas some of the PAH compounds with more than three rings (high molecular weight) are 
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carcinogenic (Yan et al. 2016, Yin et al. 2015, Zhang et al. 2014). Due to low volatility and low 

water solubility, PAHs in marine environment tend to accumulate in fine-grained sediments and 

suspended particles, which eventually impact benthic organisms. They can also enter the food chain. 

The dietary intake of contaminated sea food is considered as one of the major sources of human 

exposure to PAHs (Zelinkova and Wenzl,  2015; Liu et al. 2013). The exposure of human to PAHs 

may enhance the risk of cancer and other adverse health effects (Rengarajan et al. 2015). Several 

studies have evidenced that the PAH compounds such as benz(a)pyrene, benz(a)anthracene, and 

chrysene, are carcinogenic even they are present in  low concentrations (Al-Yakoob et al. 1993, Al-

Yakoob et al. 1994). Therefore, in order to understand the environmental impacts of OSAs the 

hydrocarbon contamination need to be quantified (Reddy and Quinn, 1999, Sammarco et al. 2013). 

In this background, the present study is taken-up with the following objectives: (i) to investigate the 

formation of OSAs through laboratory experiments under different mixing conditions such as 5h and 

10h (continuous mixing) and 10h* and 20h* (addition of sediments) with different oil sediment ratios 

(1:1; 1:2 and 2:1) and different crude oils (AL, KW and MB) and (ii) to assess the weathering of 

OSAs based on the n-alkane and PAHs compounds and to measure their toxicity or carcinogenicity 

levels. 

2. Materials and Methods 

2.1 Chemicals 

All the solvents including n-hexane, dichloromethane, methanol and acetone used in this experiment 

were in chromatographic grade and authentic standards for n-alkanes (C8 – C40) and PAH, and these 

were purchased from Sigma Aldrich, USA. A 100 – 200 mesh silica gel was baked at 400ºC for 4 h, 

cooled, activated at 200ºC overnight and deactivated with 5% of milli-Q water.  

2.2 Experimental Methods 

Modified Khelifa et al. (2007) procedure was used to simulate OSA formation. The details of  

experiments are given in the following section. Details of typical experimental set-up are given in 

Fig. S1 and Table S1.  

2.2.1 OSA formation experiment 

The methodology of OSA preparation is described in Khelifa et al.(2007) and Sun et al. (2010). In 

this work, the methodology was modified as follows: OSAs were prepared under a controlled 

temperature environment using reciprocating shaker at a constant mixing rate. Artificial sea water 

with 33‰ salinity was prepared using Sigma Aldrich synthetic sea salts (Guyomarch et al., 2002; 

Venosa and Holder, 2013). 250mL of this artificial sea water was taken in 500mL Erlenmeyer flasks 
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for the experiment. Dry sediments (NIST- 1944, Standard Reference Material of particle size 120 

µm, with area distribution) and crude oils with known quantities were added to the 500ml flasks that 

contain artificial sea water, and kept in the reciprocating shaker under 25ºC at a constant mixing rate 

of 2Hz (Sun et al. 2010) for a specified time interval. The flask was left undisturbed for more than 

12h to make sure that all the aggregates were settled at the bottom of the flask. Based on the 

availability three different oils such as Arabian Light (AL), Kuwait (KW) and Murban (MB) were 

chosen and three different oil-sediment ratios (OSR) were tested (Supporting Information, Table S1). 

Initially the experiments were carried out with 05h and 10h by continuous mixing. Then the 

experiments were repeated with the same set of fresh samples again initially for 05 h(10h), stopped 

the shaker for a couple of minutes and then added additional sediments (quantity is 200 mg/L of 

sediment) slowly on the top layer of the beaker without touching the walls and continued the mixing 

experiment for 5h (10h). Thus, the total mixing time becomes 10*h (20*h).By this way, the 

experiments were conducted with four mixing times 05h, 10h,10*h(05hmixing+ adding of sediments 

+ 05h mixing) and 20*h (10h + adding of sediments + 10h).    

Khelifa et al. (2007) procedure was followed to recover the settled OSAs from the bottom of the 

reaction chamber. Morphology of the recovered OSAs were observed under the microscope 

OLYMPUS SZX2-ILLT (OLYMPUS Co, Tokyo, Japan) with DF-PLAPO-1X4 lenses (5xzoom). 

The images captured using the camera were mounted on the microscope and  measurements of the 

aggregates were made using the Cell Scan digital image processing software linked with the 

microscope camera. Reproducibility of the whole analytical procedure was checked through 

triplicate analysis of three samples, containing one sample from each crude oil to analyze and 

quantify different OSAs formed. The relative standard deviation of  individual aggregate sizes were 

less than 12% for three samples that represent three crude oils. 

2.2.2Extraction of Aliphatic and Aromatic hydrocarbons from OSAs 

Recovered OSAs were initially transferred to a separatory funnel and added 20mL of 

Dichloromethane (DCM):Hexane at 1:1 ratio; the funnel was shook vigorously for 15min and 

separated the extract in a clean conical flask. Repeated the experiment thrice, and the fourth 

extraction was performed only for the samples, which contain oil even after three extractions (based 

on visual observation). All the collected solvents were passed through the pre-weighed 0.45micron 

Millipore filter paper to separate the sediment particles of OSAs. The collected sediment particles 

were kept for dry in fume hood for 24h and weighed. The total mass of sediments trapped in 

different OSAs were measured. The solvent sample was eventually reduced to ≈ 1.5ml using rotary-

evaporator to perform column chromatography. 
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The extracted sample was transferred to 5% (H2O) deactivated silica gel column (1cm id x 9cm 

length), to remove polar compounds and eluted all the aliphatic and aromatic hydrocarbons using 30 

mL of DCM/Hexane (1:3 ratio). Eluted sample was again reduced using rotary-evaporator and 

transferred to fully activated silica gel column (0.47cm i.d x 18cm length) to make two fractions (F1 

& F2). The fraction F1 containing aliphatic hydrocarbons was eluted using 12mL of Hexane, 

whereas the fraction F2 containing aromatic hydrocarbons (PAHs) was eluted with  25mL of 

DCM/Hexane (1:3 ratio) (Wang et al. 1994). These two fractions were reduced to near dryness under 

nitrogen purge, added 200µLinternal standards in isooctane to make the final volume for all the 

samples and transferred to amber colour interlock vials for further analysis using GC-MS (Reddy and 

Quinn, 1999, Wang et al.1994, Yang et al. 2014). Reproducibility of the whole analytical procedure 

was checked through triplicate analysis of three samples contain one sample from each crude oil to 

analyze and quantify different OSAs formed. Relative standard deviation of the individual n-alkane 

and PAHs were less than 10% and 15 %, respectively. 

2.2.3Gas Chromatography – Mass Spectroscopy (GC-MS) analysis 

Analyses for n-alkane and PAHs were performed on a Thermofisher Scientific Trace 1300 Gas 

Chromatograph coupled with Thermo TSQ8000 Mass Spectrometer with a Thermo AS 1310 auto-

sampler under select ion monitoring (SIM) mode. A DB-5 column having 60m length x 0.25mm 

internal dia. with 0.25 µm film thickness with helium (1.2 mL/min) as a carrier gas was used for the 

sample analysis. The injector and detector temperatures were set to 260º and 300ºC, respectively for 

n-alkane and PAH analyses. The oven temperature program for n-alkane analysis was initially 50ºC 

hold  for a minute, then ramp to 140ºC at 10ºC/min, and ramp to 320ºC at 6ºC/min and finally 28 

min hold at 320ºC. The oven temperature program for PAH analysis was initially 70ºC with a hold of 

2 min, ramp to 150ºC at 30ºC/min then ramp to 310ºC at 4ºC/min and finally a 10min hold at 310ºC. 

Typical n-alkanes and PAH chromatograms are shown in Fig. 1.  
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Figure 1. Typical n-alkanes (a, b) and PAH (c, d) chromatograms of Arabian Light crude oil (OSR 1:1) 

 
3. Results and Discussion 

3.1 Morphology of OSAs 

Visual analysis on microscope imagery was performed to characterize the size and structure of the 

OSAs prepared in the laboratory. The results revealed that negatively buoyant OSAs formed in every 

mixing period. Previous studies showed that the efficiency of OSA formation was maximum when 

the sediment to oil ratio was closer to one (Khelifa et al, 2008a, Sun et al. 2010, 2013). In the present 

study, we examined size and growth of the aggregates at different OSRs and weathering periods.  
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Figure 2. Typical view of microscopic images of AL OSAs under different mixing times and OSRs  

We found that size of the aggregates formed with the AL, KW and MB crude oils, ranged from 0.21 

to1.66 mm, 0.26 to 1.19 mm and 0.26 to 1.06 mm, respectively (Table 1). The overall microscopic 

images of OSAs of all three crudes prepared under four mixing periods (5h, 10h, 10*h and 20*h) with 

different OSRs are shown in Fig. 2; and also Fig S2 and S3 in Supporting Information. It is evident 

from these figures that the number of aggregates formed with in the first 05h of continuous mixing 

time is apparently very less and individual sediment particles are still in the process of mixing with 

the oil, was commonly occurred for all the OSAs of three crudes. The number of aggregates slightly 

increased in 10h continuous mixing period, but still there were sediment and oil particles still  to be 

mixed. Small patties kind of aggregates were observed in 10*h mixing (5h+ adding of sediment+5h). 
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But, only in 20*h mixing time (10h+adding of sediment+10h) matured aggregates were formed for 

all three crude oils and there were no remnant sediment particles in it.  

It was very difficult to assess and count the number of aggregates from small to large size for each 

mixing period of respective OSR. Hence, we have discussed the processes by considering only the 

typical larger size aggregates (visually formed in each experiment under each OSR). The larger 

aggregates of sizes 1.19 mm and 1.06 mm of KW and MB crude oils were formed when the OSR is 

2:2 with 20h mixing period (sample Ids KW22-20, MB-22-20). However, in the case of AL, the larger 

aggregates of size 1.66 mm were formed within 10*h weathering period (5h+sediment+5h) when the 

OSR was 2:2.  It may be noted that one set of experiment had been already performed with 1:1 OSR, 

under continuous mixing periods of 5h and 10h and the large aggregates of those experiments were 

in the ranges of 0.25-0.39 mm only. Hence, our results suggest that increasing the quantity of oil and 

sediment in equal portions (2:2) with increasing mixing period would enhance the growth of OSA's 

size. Though the experiments were started with OSR of 2:1, in the subsequent experiments, 

additional sediments were added to make the OSR 2:2, and that has significantly contributed to the 

growth of OSAs. Moreira et al. (2015) showed that increased sediment concentration significantly 

accelerated the OSA formation in the sediments of Todos Santos Bay. 

The trend in the formation of small aggregates is different from that of large OSAs. The smallest 

aggregates with respect to AL and MB oils were 0.21mm and 0.26mm, when the OSR was 1:2 and 

2:1, respectively under 10*hrs mixing period (additional sediments were added after 5h) indicating 

that whenever the sediment quantity was double of oil or when the oil quantity was double of 

sediments, the smallest aggregates were formed. In the case of KWoil, the smallest aggregates were 

formed within 10h of continuous mixing, but the oil and sediment quantities were in equal portions 

(KW22-10).This result further suggests that the KW aggregates, which were formed by the equal 

amount of oil and sediment particles might be brittle in form and were not strong enough to adsorb 

more SPMs. The physical properties such as viscosity and interfacial tension of KW may  also alter 

the formation of aggregates. 

3.2. Weathering of hydrocarbons present in the OSAs 

3. 2. 1 Distribution of n-alkanes 

The compounds n-alkane and PAHs have been widely used in oil spill forensic studies, primarily to 

evaluate and quantify the weathering of different OSA samples. The total concentrations of n-alkanes 

from n-C8 to n-C40, including individual isoprenoid hydrocarbons, pristane (Pr) and phytane (Ph) of 
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all 36 OSA samples and their diagnostic ratios used for weathering are also shown in Table 2 and 

Figs. 3, 4 and 5.  

 

Figure 3. Concentration of n-alkanes in AL OSA samples 

 

It is apparent that the depletion of total n-alkanes was the highest for all 10h continuous  mixing 

samples, (weathered without additional sediments) irrespective of OSR and type of oils (Pink bars in 

Figs. 3, 4 and 5). The Diagnostic Ratios (DRs) of n-alkanes such as percentage depletion, 

Weathering Index (WI-(C8+C10+C12+C14)/(C22+C24+C26+C28)) and (C13 + C14)/(C25 + C26), were used 

to assess weathering and its extent for any hydrocarbon pollutants (Zakaria et al. 2001, Suneel et al. 

2013, 2014, 2015). The DR, (C13 + C14)/(C25 + C26) was previously used by Yim et al. (2011). Based 

on the range of this ratio, Ho et al. (2015) categorized the status of oil weathering into four stages 

such as initial weathering (ratio >1), moderate weathering (ratio between 0.1 and 1.0), advanced 

weathering (ratio between 0.01 and 0.1) and extreme weathering (ratio <0.01). In the present study, 

the calculated ratio of (C13 + C14)/(C25 + C26) was greater than 1 for all OSAs except two samples 

211-01 (0.20) and 221-01 (0.31), revealing that the samples have undergone initial weathering.  



11 

 

 

Figure 4. Concentration of n-alkanes in KW OSAs 

 

The ratio WI was used to assess weathering of low and high molecular weight compounds  - lower 

the ratio, greater is the weathering (Wang et al. 1994, Suneel et al. 2015). The values of WI for AL, 

KW and MB were 1.02, 1.24 and 1.06, respectively, revealing that no weathering has occurred (as 

WI ~ 1). The value of this ratio would be  higher if  the lower alkanes were abundant and lower if the 

higher n-alkanes were abundant. This value ranged from 0.39 to 0.91, 0.06 to 1.12 and 0.4 to 0.95, 

respectively for the aggregates prepared with various OSRs of AL, KW and MB crude oils, showing 

reduction in WI compared to their reference oils. This indicates depletion of LMW components 

compared to HMW.  
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Figure 5. Concentration of n-alkanes in MB OSAs 

 

Fig. 6a depicts the temporal change in WI of n-alkanes for all the aggregates. The WI of AL and MB 

(Blue and green lines) aggregates exhibits similar trend, whereas KW aggregates have shown slight 

difference. As discussed in the previous section, the distribution of KW crude OSAs has also shown 

slight difference compared to other two crudes. Surprisingly, the highest WI or maximum depletion 

of LMW compounds has occurred for all the three crude aggregates rapidly within the first 05 h 

mixing time whenever the quantity of sediment was equal to oil (1:1_05) or lessthan the oil 

(2:1_05).The temporal variation of WI is in the order of 05h>10h>10h* >20h*. Now the question is, 

how the less mixing time (5h) caused high WI and high mixing time (20 h) caused less WI. It is 

evident from Fig. 2that 05h mixing may not be adequate for the formation of aggregates as oil that 

was added to the system has not completely utilised to form the aggregates (only less aggregates 

were formed in 5 h mixing time). Only a partial quantity of oil and sediments were being used and 

the rest of the particles persisted in the water. When the mixing time was increased or additional 

sediments were added, the already partially formed aggregates adsorbed the remaining oil and the 
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sediment particles that were still persisted in the system (beaker). Thus, hydrocarbons persisted in the 

water get back to the aggregates resulting in increase of concentration. 

 

Figure 6. Temporal changes of WI of n-alkanes 

 

It is evident from Fig. 2 that only at 20 h mixing period, matured aggregates were formed and the 

system was apparently clean as there seemed to be no individual oil and sediment residuals in 

beaker, further indicating that all the oil and sediment particles might have completely used for the 

formation of OSAs. Therefore, as long as hydrocarbons persisted in the system (beaker), they must 

have been absorbed by the aggregates during their residing time. Thus, less weathering was showed 

on the aggregates while mixing time increased from 5  to 20 h. Therefore, all the aggregates have 

shown less weathering consistently.  

The total mass of n-alkanes and PAHs that were weathered in different OSR ratios indifferent 

weathering experiments were calculated using the following formula 

Actual % depletion of n-alkanes/PAHs =  

where, mweathered is the total mass of n-alkanes remained in OSAs after weathering, msourceoil is the 

total mass of n-alkanes present in the respective source crude oils. The total n-alkanes present in the 

source oils AL, KW and MB were 223087 µg/g, 164812 µg/g and 179379 µg/g, respectively, 

indicating that AL is relatively abundant in n-alkanes than in the other two crudes. The results 

revealed that the rate of depletion differed for each type of crude oil (Fig. 10a, b and c). As depicted 

in Fig.10, 10h continuous mixing and 20*h mixing samples were highly weathered than 05h 
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continuous mixing and 10*h mixing samples, probably due to the long mixing periods (Table S1:10h, 

20h). The maximum depletion percentage was 84%(AL11-10), 94%(KW12-10) and 84%(MB21-10) 

for AL, KW and MB crude oil, respectively, showing  that the highest weathering has occurred only 

at 10 h continuous mixing samples. In general, all the 10 h continuous mixing samples showed the 

highest percentage of weathering compared to other mixing time samples. In case of AL OSA 

samples, samples of 10*h mixing were less weathered (approx. 20-25%) compared with 20*h mixing 

samples. However, a few 10*h mixing OSAs of KW and MB have weathered (10%,  4% and 7.92% 

and 27.23%) higher than 20*h mixing. The reason for higher weathering rates could be the 

interaction between oil and sediments, and also  the type of oil and their physical properties (e.g. 

viscosity, interfacial tension). A detailed study is required to understand these physicochemical 

processes thoroughly which is beyond the scope of the present study.    

3.3. Weathering of Polycyclic Aromatic hydrocarbons 

In this study, a total of 33 PAH compounds (Parent and alkylated PAHs, Table S2, in Supporting 

Information) were quantified in all the OSAs and reference crude oils in order to study the 

distribution of PAHs under different weathering periods. The list of PAH compounds are given in 

Table S2and their diagnostic ratios in Table 3.  
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Figure 7. Concentration of PAHs in AL OSAs (The abbreviations are given in Table S2, in Supporting 

Information) 

The results  show that total PAH abundance was 6257, 4117 and 6488 µg/g, respectively for AL, 

KW and MB crude oils, whereas, the concentration in their respective OSAs varied from 1752.5 

µg/g (AL11-10) to 5398 µg/g (AL22-20*), 849.87 µg/g (KW12-10) to 4084.7 µg/g (KW22-20*) and 

1218.9 µg/g (MB11-10*) to 3780.4 µg/g (321-04), respectively. 

The PAHs profiles of OSAs prepared with AL, KW and MB crudes are shown in Figs.  7, 8 and 9, 

respectively. As shown in the figures, all three crude oils contain very less or completely absent 

1MA and 5MCH, whereas high concentration of Phenanthrene in all three crude aggregate’s. Figure 
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7 shows the PAH profiles of OSAs prepared with the AL oil. The compounds phenanthrene, methyl 

phenanthrenes, naphthalene, fluoranthene and pyrene were present more abundant than other PAHs 

indicating that these compounds were less weathered. All other PAHs have equally depleted.  

 
Figure 8. Weathering percentage of n-alkanes and PAHs at constant OSR with continuous mixing and mixing with adding 

sediment in between 

The maximum depletion occurred in most of the PAH compounds at 10h continuous mixing period 

in all combinations (AL11-10, AL12-10, AL21-10) which indicates that irrespective of quantity of 

sediment and oil, these compounds have depleted with respect to time within first 10h. Similar trend 

was also observed in n-alkane depletion. The highest depletion of naphthalene was noticed within 5h 

of weathering when both sediment and oil were in equal amounts (AL11-05 in Fig. 6). Similar feature 

was not noticed when the ratios of oil and sediments were doubled (AL12-05, AL21-05 in Fig. 6).  
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Figure 9. Concentration of PAHs in KW OSAs 

Over all, the rate of depletion of PAH compounds was slow when additional sediments were added 

to it. The percentage depletion of n-alkane and PAHs with 10h continuous mixing and 10*h mixing 

(5h mixing+sediment+5h mixing) at constant OSR of 1:2 is shown in Fig. 8. This figure depicts that 

the depletion of both n-alkane and PAHs were high during 10h continuous mixing rather than 10*h 

mixing (5h+sediment+5h). 
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The PAH abundance profiles of 12 KWOSAs are shown in Fig. 9. The compounds phenanthrene and 

methyl phenanthrenes, fluoranthene and pyrene are abundant in all the samples suggesting that these 

compounds were less weathered compared to rest of the PAHs. Though similar trend was observed 

in AL samples, ,naphthalene was quite low in KW samples for the sample combinations of KW11and 

KW12, indicating that depletion of naphthalene was faster when oil and sediment quantities were 

equal or when sediment is double the quantity of oil. 

 

Figure 10. Concentration of PAHs in MB OSAs 
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Nevertheless, when the quantity of oil and sediment was equal but doubled, (sediment was added 

additionally after 5 and 10h, (KW22-10*,KW22-20*), the rate of depletion relatively reduced (Fig. 9). 

The additional sediments, which were added after 5 and 10h of mixing time might have acted as a 

barrier for the naphthalene to deplete and thus got trapped within the sediment.  

In general, maximum depletion was observed in most of the PAHs within first 5h and 10 h mixing 

time irrespective of OSRs (Fig. 9: samples KW11, KW12, KW21 of 05 h and 10 h). On the whole, it is 

apparent that the rate of depletion was low after additional sediments were added to it (10*h, 20*h 

mixing samples). 

The PAH profiles of OSAs prepared with MB crude oil are shown in Fig. 10. As occurred in AL and 

KW OSAs, the compounds phenanthrene and methyl phenanthrenes, fluoranthene and pyrene were 

abundant in all samples, suggesting that these compounds were less weathered compared to rest of 

the PAHs. The rate of depletion of naphthalene varied largely from one set of sample to other. The 

maximum depletion of naphthalene occurred in these OSAs at 10h mixing time with OSR 1:2 and 

2:1 (Fig.10, sample ID MB12-10, MB21-10. 

The maximum depletion of methyl chrysene and methyl pyrenes was occurred at 10 h continuous 

mixing  time for all OSAs (Figs 7, 9 and 10). The highly alkylated C5-chrysenes were the most 

weathered species followed by C4-chrysenes, C3-chrysenes, C2-chrysenes, C1-chrysenes and finally 

C0 chrysene. Yin et al. (2015) have shown the temporal evolution trend of C0 to C4 alkylated 

chrysenes in submerged BP oil spill natural residues as C4 > C3 > C2 >C1 > C0. In the present study 

also similar trend was observed for all 36 OSAs. Overall the results present that the chrysene 

weathering was predominantly due to physicochemical processes rather than biological degradation 

processes. In the case of alkylated pyrenes, the weathering trend seemed to be in reverse order of 

chrysenes. The weathering of C2-pyrene<C3-pyrene<C4-pyrenes, whereas the C1 and C5 pyrenes do 

not follow this trend. Therefore, the dynamics of weathering of any individual PAH compound 

largely depends on the type and quantity of oil and the amount of sediment particles present in it. 

The physical properties of crude oils (such as density and viscosity) also can make significant impact 

on the formation of OSAs and their weathering. For example, viscosity of the oil increases as it 

weathers, which decreases the ability of the oil to form small droplets (Delvigne and Sweeney, 

1988). In addition, weathering of oil removes lighter components (e.g. n-alkanes, aromatics) while 

leaving heavier components, resulting in more concentrated asphalthene (Oudot et al. 1998). The 

increased asphalthene content together with increased viscosity forms stable emulsions (Bobra, 

1991) and the increase in asphalthene concentration can also make weathered oil to attract charged 

clay particles (Bragg and Yang, 1995, Guyomarch et al. 2002). 
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The weathering percentage of both  n-alkane and PAH compounds of all aggregates are illustrated in 

Fig. 11. Figure depicts that weathering trends of both n-alkanes and PAH were almost same. The 

only difference is that PAHs of MB OSAs at 10h continuous mixing period were less weathered 

(~50%) compared to n-alkanes (~70%)  (Fig. 11c, f). Fig. 11 further reveals that the highest depletion 

has occurred at 10h continues mixing  time on each and every OSR (1:1_10, 1:2_10, 2:1_10), 

whereas occurrence of the lowest depletion percentage was different for different crude oils. For 

instance in AL OSAs the lowest depletion for both n-alkane and PAHs was at 10*h weathering time, 

(but in-between additional sediments were added after 5h weathering time (10*h mixing)). In the 

case of KW OSAs, the lowest weathering occurred at 20*h for PAHs and 10*h for n-alkanes, (but in 

between additional sediments were added after 10h and 5h respectively). These results suggest that 

when sediments particles are added in between the experiment these particles significantly adsorbs 

the remnant hydrocarbons in the system and reduce rate of weathering while cleansing the system. 

When the low L/H and PH/AN ratios and high FLU/PY ratios were compared with those of the 

reference crude oil we observed that maximum depletion has occurred for the LMW compounds 

(Table 3). 

 

Figure 11. Weathering percentage of n-alkanes and PAHs of all the OSAs at various OSRs. 
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Based on Baumard et al. (1998), we have categorized the PAHs levels in all 36 OSAs as follows: if 

the PAH concentration is below 100 ng/g of dry weight, it is considered as low PAH pollution,100-

1000 ng/g as moderate, 1000-5000 ng/g as high and above 5000 ng/g as very high PAH pollution. 

The PAH concentrations of all 36 OSAs were much higher than 5000 ng/g indicating that these 

OSAs are highly polluted even after serial weathering experiments.   

4. Conclusions 

Laboratory experiments were conducted to understand the OSA formation in ambient condition as 

well as by adding additional sediments (NIST SRM-1944) to investigate the influence of OSAs at 

different weathering periods. A total of 36 OSAs were prepared with three different crude oils under 

different mixing conditions. All the samples were processed and analysed through GCMS to quantify 

the n-alkanes and PAHs of the OSAs. 

The GCMS analysis of OSAs revealed that the range of total n-alkanes (C9 to C40) varied from 

9584.7µg/g (KW12-10) to 183213µg/g (AL12-05) and the total PAHs from 849.87µg/g (KW12-10) to 

5398µg/g (AL22-10*). Weathering of n-alkane compounds varied from 17.87% (AL12-05) to 94.18% 

(KW12-10) and PAHs compounds from 1% (KW22-20*) to 81.2% (MB12-10)).The highest depletion 

of n-alkane and PAHs were occurred over 10h of continuous mixing time for all 36 OSAs, 

irrespective of OSRs. The rate of weathering of n-alkane and PAHs reduced when additional 

sediments were added in-between the experiments, due to the absorbance of available hydrocarbons 

in the system. It is evident from visual microscopic images that the size of OSAs increased manifold 

due to addition of sediments (10h and 20h mixing) in between the experiment. For example, AL21-05 

samples having OSA size of 0.25mm increased to 1.66mm in AL22-10* sample when the sediment 

was added over the ambient condition after 5h of weathering. Each crude oil sample was having 

different size of aggregates, which were altered by the interfacial forces between oil and sediment 

and also depending on environmental conditions such as mixing time. The calculated diagnostic 

ratios of PAHs such as L/H, PH/AN, FLU/PY and WI revealed depletion of low molecular weight 

components than high molecular weight components. The total concentration of PAHs found in the 

weathered OSAs was greater than 5000 ng/g, indicating high PAH pollution. Though the formation 

of OSAs helps in cleaning the spill sites temporarily, their ultimate fate in the marine environment is 

either getting buried in the bottom sediments or reaching the shore. If effective and quick cleaning 

remediation measures are not followed, there could be a severe threat to the marine ecosystem due to 

these OSAs as well.  
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Tables 

Table 1. Typical size of the oil sediment aggregates for all the samples (for example, ESI ID 111-01: 

1-Arabian Light crude,1-oil ratio, 1-sediment ratio, 01-mixing period; similar pattern followed for 

other crude oils: 2-Kuwait and 3- Murban) 

 

Sample ID Max. Size of 

OSA’s (mm) 

Sample ID Max. Size of 

OSAs (mm) 

Sample 

ID 

Max. Size 

of OSAs 

(mm) 

AL11-05 0.25 KW11-05 0.28 MB11-05 0.29 

AL11-10 0.32 KW11-10 0.26 MB11-10 0.39 

AL12-10* 0.21 KW12-10* 0.53 MB12-10* 0.36 

AL12- 20* 1.25 KW12-20* 0.73 MB12-20* 0.98 

AL12-05 0.30 KW12-05 0.32 MB12-05 0.34 

AL12-10 0.28 KW12-10 0.39 MB12-10 0.29 

AL13-10* 1.25 KW13-10* 0.31 MB13-10* 0.36 

AL13-20* 0.39 KW13-20* 0.61 MB13-20* 0.35 

AL21-05 0.25 KW21-05 0.33 MB21-05 0.27 

AL21-10 0.33 KW21-10 0.28 MB21-10 0.26 

AL22-10* 1.66 KW22-10* 0.66 MB22-10* 0.35 

AL22-20* 0.26 KW22-20* 1.19 MB22-20* 1.06 
 

-05:  05 hrs continuous mixing 

-10 :  10 hrs continuous mixing 

-10* : 5 hrs mixing + adding of sediments + 5 hrs mixing 

-20* : 10 hrs mixing + adding of sediments + 10 hrs mixing 
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Table 2. Diagnostic ratios of n-alkanes  

Sample ID Σ n-alkanes 

(µg per g of OSAs) 

WI % 

weathered 

n-alkanes 

(C13+C14)/ 

(C25+C26) 

AL 223087.00 1.02 - 1.87 

KW 164812.00 1.24 - 2.43 

MB 179379.00 1.06 - 1.93 

AL11-05 120342.00 0.39 46.06 1.31 

AL11-10 34494.00 0.45 84.54 1.51 

AL12-10* 148594.00 0.88 33.39 1.99 

AL12- 20* 95897.00 0.74 57.01 1.98 

AL12-05 183213.00 0.62 17.87 1.65 

AL12-10 47304.00 0.72 78.80 1.83 

AL13-10* 97747.00 0.88 56.18 2.01 

AL13-20* 65704.00 0.85 70.55 2.13 

AL21-05 96824.00 0.71 56.59 1.77 

AL21-10 85188.00 0.56 61.81 1.53 

AL22-10* 172767.00 0.91 22.56 1.95 

AL22-20* 106912.00 0.88 52.08 2.12 

KW11-05 35737.00 0.06 78.32 0.20 

KW11-10 29256.00 0.26 82.25 1.06 

KW12-10* 36369.00 0.55 77.93 1.72 

KW12-20* 55254.00 0.87 66.47 2.27 

KW12-05 50868.00 0.55 69.14 1.85 

KW12-10 9584.70 0.44 94.18 1.49 

KW13-10* 35203.00 0.54 78.64 1.55 

KW13-20* 41815.00 0.94 74.63 2.31 

KW21-05 48823.00 0.10 70.38 0.31 

KW21-10 22552.00 0.37 86.32 1.35 

KW22-10* 112549.00 1.12 31.71 2.75 

KW22-20* 98952.00 1.03 39.96 2.51 

MB11-05 90821.00 0.40 49.37 1.22 

MB11-10 46330.00 0.70 74.17 2.28 

MB12-10* 50451.00 0.71 71.87 1.85 

MB12-20* 64662.00 0.76 63.95 1.81 

MB12-05 46939.00 0.48 73.83 1.56 

MB12-10 35896.00 0.67 79.99 2.02 

MB13-10* 27792.00 0.62 84.51 1.67 

MB13-20* 76637.00 0.81 57.28 1.95 

MB21-05 89895.00 0.41 49.89 1.31 

MB21-10 28950.00 0.37 83.86 1.26 

MB22-10* 86990.00 0.95 51.50 2.19 

MB22-20* 74265.00 0.79 58.60 1.70 

WI =  
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Table 3.Total PAH and its compounds’ ratio 

Sample ID ΣPAH (µg/g) 
% depletion 

of PAHs 
LMW HMW L/H MP/P PH/AN FLU/PY 

AL 6257.02 - 1498.02 191.31 7.83 2.99 62.08 0.12 

KW 4117.00 - 635.53 161.41 3.94 2.89 78.36 0.15 

MB 6488.05 - 773.29 277.94 2.78 3.05 69.97 0.07 

AL11-05 2101.00 66.42 144.75 575.75 0.25 2.36 19.30 0.70 

AL11-10 1752.50 71.99 172.28 458.66 0.38 2.46 13.86 0.62 

AL12-10* 4170.00 33.35 526.78 606.33 0.87 2.66 35.58 0.68 

AL12- 20* 2949.90 52.85 226.97 469.42 0.48 2.93 24.94 0.64 

AL12-05 3380.40 45.97 320.88 676.98 0.47 2.63 27.97 0.70 

AL12-10 2316.20 62.98 223.31 456.40 0.49 2.70 24.22 0.62 

AL13-10* 3376.50 46.04 365.93 768.25 0.48 2.59 24.34 0.75 

AL13-20* 2149.70 65.64 188.31 374.01 0.50 2.73 28.80 0.67 

AL21-05 4099.20 34.49 290.17 527.46 0.55 2.80 32.55 0.52 

AL21-10 2401.70 61.62 138.92 313.53 0.44 2.83 39.98 0.52 

AL22-10* 5398.00 13.73 691.85 575.86 1.20 2.69 37.78 0.51 

AL22-20* 3902.40 37.63 201.28 567.64 0.35 2.83 35.34 0.57 

KW11-05 1090.20 73.52 108.47 439.99 0.25 2.01 10.76 0.73 

KW11-10 1050.70 74.48 79.95 313.57 0.26 2.24 8.41 0.59 

KW12-10* 1745.10 57.61 170.43 599.47 0.28 2.16 12.27 0.71 

KW12-20* 2137.10 48.09 157.91 535.09 0.30 2.52 21.42 0.74 

KW12-05 1504.60 63.45 144.62 430.21 0.34 2.08 14.99 0.73 

KW12-10 849.87 79.36 80.75 413.96 0.20 1.93 8.56 0.80 

KW13-10* 2335.30 43.28 251.55 983.54 0.26 1.89 9.19 0.83 

KW13-20* 2023.30 50.85 169.96 497.38 0.34 2.55 18.95 0.75 

KW21-05 1250.20 69.63 133.31 409.38 0.33 2.24 9.71 0.69 

KW21-10 1561.70 62.07 145.55 564.31 0.26 2.17 9.57 0.74 

KW22-10* 3674.50 10.75 371.84 671.06 0.55 2.62 24.82 0.74 

KW22-20* 4084.70 0.78 384.19 717.83 0.54 2.79 25.26 0.66 

MB11-05 2177.20 66.44 160.86 350.72 0.46 2.54 21.17 0.56 

MB11-10 3383.90 47.84 300.58 583.62 0.52 2.52 18.47 0.55 

MB12-10* 1218.90 72.96 71.85 214.69 0.33 2.70 32.01 0.65 

MB12-20* 1922.10 70.37 110.42 373.77 0.30 2.73 30.66 0.64 

MB12-05 1553.10 76.06 165.21 431.61 0.38 2.24 17.25 0.73 

MB12-10 1754.20 81.21 111.78 369.50 0.30 2.61 22.52 0.63 

MB13-10* 1411.30 78.25 130.17 501.23 0.26 2.30 15.28 0.78 

MB13-20* 3036.10 53.20 187.72 598.93 0.31 2.69 28.29 0.66 

MB21-05 2965.20 54.30 266.13 615.99 0.43 2.38 14.29 0.60 

MB21-10 1633.10 74.83 98.94 441.12 0.22 2.44 15.41 0.58 

MB22-10* 1855.70 71.40 159.07 245.66 0.65 2.87 39.99 0.54 

MB22-20* 3780.40 41.73 474.28 478.33 0.99 2.89 37.27 0.54 

 

LMW: sum of naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene and anthracene 

HMW: sum of fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, benzo[a]pyrene, benzo[g,h,i]perylene dibenz[a,h]anthracene, indeno[1,2,3-

c,d]pyrene. 
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MP/P: sum of 3-methylephenanthrene+2-methylephenanthrene+9-methylephenanthrene+1-

methylephenanthrene relative to phenanthrene. 

Actual % depletion of n-alkanes/PAHs =  ; mweathered is the total mass of n-

alkanes remained in OSAs after weathering, msource oil is the total mass of n-alkanes present in the 

respective source crude oils. 

 
 


