	Researcher 2016;8(12)    	     http://www.sciencepub.net/researcher

Petroleum hydrocarbon variations revealed by chemical fingerprinting of oil spill soils with similar contamination source.
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[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Abstract: Chemical fingerprinting technique was used to determine the composition, contamination extent and significance of petroleum hydrocarbon variation in an oil spill site with similar contamination source. Soil samples were collected from an oil spill site in Ogoni area, Niger Delta, at surface (0 to 15cm) and subsurface (15 to 30cm) depths and analyzed with gas chromatography flame ionization detector (GC-FID) after extraction and fractionation of petroleum hydrocarbons. Total petroleum hydrocarbon concentrations from 3,667.1 to 4 591.9 mg/kg in surface samples and 2,206.4 to 2,949.0 mg/kg in subsurface samples revealed the Niger Delta soils were polluted. Petroleum hydrocarbons were characterized by dominance of polycyclic aromatic hydrocarbons (PAHs) with average compositions of 89.67% and 74.38% in surface and subsurface samples respectively. Diagnostic ratios of n-alkanes and isoprenoids suggest the oil spill hydrocarbons were altered by combustion in surface soils and by biodegradation in subsurface soils. PAH diagnostic ratios also suggested pyrogenic derived hydrocarbons in surface soils and pyrogenic input to petrogenic hydrocarbons in subsurface soils. In conclusion, the spilled crude oil polluted the Niger Delta soils at both surface and subsurface depths. As at sampling, the oil spill soils had undergone burning, which was less effective at subsurface depth.
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1. Introduction
Petroleum hydrocarbons discovered in soils and water at environmental release sites are frequently investigated to determine their source, fate and sometimes for settling disputes related to legal liability. This is mostly achieved by gas chromatography (GC) equipped with a flame ionization detector (GC-FID) or mass spectrometry (GC-MS). GC is used to facilitate the detailed composition and distribution of petroleum hydrocarbons present in contaminated samples (Wang et. al., 1999; Stout et al., 2007). Petroleum hydrocarbons studied in contaminated samples at environmental release sites are aliphatic hydrocarbons (AHCs), from C8 to C40 alkanes including pristane and phytane (Onyema et. al., 2013a), volatile benzene, toluene, ethylbenzene, xylenes (BTEX) and their alkyl homologs (Albaiges et. al., 2013), polycyclic aromatic hydrocarbons (PAHs) and in particular the petroleum specific alkyl- (C1 – C4) homologs (Chen et. al., 2004), and biomarker triterpanes and steranes (Mulabagal et. al., 2013). Data generated by the GC system are used as diagnostic tool to identify petroleum contamination and source, determine the extent of contamination, differentiate between hydrocarbon sources such as biogenic (biological), petrogenic (petroleum) or pyrogenic (combustion), apportion hydrocarbon mixtures to multiple sources, and evaluate the degradation extent of released hydrocarbons (Ramsey et. al., 2014; Suneel et. al., 2013; Oros et. al., 2007; Burns et. al., 1997). Diagnostic tools widely used for chemical fingerprinting related environmental forensic investigations include ratios of AHCs such as pristane/phytane (Pr/Ph), pristane/n-heptadecane (Pr/nC17), phytane/n-octadecane (Ph/nC18), and carbon preference index (CPI); biomarkers such as pregnane index, tricyclic terpane index, relative distribution of C27:C28:C29 steranes, C27 18[image: agr],21β-trisnorhopane / C2717,21-trisnorhopane (Ts/Tm), gammacerane / C30  hopane and PAHs such as low molecular weight to high molecular weight (LMW/HMW), phenanthrene/anthracene, fluoranthene/pyrene, and benz(a)anthracene/chrysene (Wang et. al., 1999).
Chemical fingerprinting of sediments from Daya Bay China, using diagnostic ratios of n-alkanes, isoprenoids and biomarkers, revealed petrogenic source for petroleum hydrocarbon contamination with biogenic contribution in varying proportions, which was relatively fresh (Gao and Chen, 2008). The composition as well as calculated diagnostic ratios of aliphatic and polycyclic aromatic hydrocarbon, employed by Onyema et. al., (2013b) for chemical fingerprinting of oil spill soils in Niger Delta showed extensive degradation the residues, particularly the preferential degradation of the low molecular weight hydrocarbons, caused by weathering. Onojake et. al., (2015) using similar diagnostic ratios of n-alkanes, isoprenoids, PAHs and supported by statistical analyses tools, such as principal component analysis and cluster analysis, showed Agbada-1 oil spill soils in Niger delta originated from a common petrogenic source. Using PAH diagnostic ratios, Anyakora et. al., (2011) found soil contaminations in parts of Niger Delta not only emanated from petrogenic source, but from pyrogenic and biogenic sources.
Analytical chemists and geochemists have increasingly applied tiered analytical approach to chemical fingerprinting of petroleum hydrocarbon (Wang et. al., 2011). The tiered approach used may vary depending on the requirements of the environmental forensic study but usually include determination of hydrocarbon groups in environmental samples, distribution pattern recognition and comparison of diagnostic ratios. Such an approach was used in the Exxon Valdez oil spill to prove two sources for hydrocarbon contamination in Prince William (Boehm et. al., 1997), identify background contamination, confirm spill source of stranded oils spilled along coastline, evaluate the weathering status using composition profiles of AHCs, PAHs and various weathering indices (Yim et. al., 2011), to distinguish relatively fresh unweathered oils from one another and quantitative determination of the components of a mixture of petroleum known as source allocation (Sauer and Boehm, 1991). In this study, chemical fingerprinting technique was employed to characterize aliphatic and polycyclic aromatic hydrocarbons and to determine the composition, contamination extent and significance of petroleum hydrocarbon variation in an oil spill site with similar contamination source, in Niger Delta, Nigeria.

2. Material and Methods
Sampling
Soil samples were collected from a crude oil spill site in Ogoni area of Rivers State, Niger Delta (fig. 1) in March, 2010. A total of eight soil samples were collected from four different points of the oil spill site, at surface (0 to 15cm) and subsurface (15 to 30cm) depths. The soil samples were collected with the aid of a stainless steel scoop, put in a pre-cleaned glass jar, labelled appropriately and taken to the laboratory for analyses.
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Figure 1. Map of Ogoni area showing the sample location in Gokana, Rivers State, Nigeria.
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Oil hydrocarbon extraction and analysis
Soil samples were air dried at room temperature, foreign objects removed by hand picking, homogenized and sieved through a 2mm mesh to obtain uniform particle size. 50g of the homogenized samples were weighed and oil hydrocarbons extracted with hexane and dichloromethane (v:v 1:1) in a soxhlet apparatus. The extracts were fractionated on a glass column (30 cm x 1 cm) stuffed with glass wool at the bottom and packed with activated silica gel. Hexane was used to elute the saturate fraction, which contain the aliphatic hydrocarbons, and dichloromethane used to elute the aromatic fraction, which contain the polycyclic aromatic hydrocarbons. The fractions were concentrated under a stream of nitrogen at 40C.
Gas chromatography (GC) analysis was performed with a Hewlett Packard (HP) 6890 series fitted to a silica capillary column (30 m x 0.25 mm) and equipped with a flame ionization detector (FID). The concentrated saturate and aromatic fractions were transferred into labelled vials and 1μL injected into the GC with the aid of a micro syringe. Helium was used as the carrier gas and the GC system operated in a splitless mode. Compound peaks identification were based on retention times compared to standards and quantification acquired by Agilent’s chemstation software.

3. Results and Discussion
Petroleum hydrocarbon composition
Petroleum hydrocarbons identified by gas chromatographic analysis of the oil spill soil sample extracts are aliphatic hydrocarbons (AHCs) and polycyclic aromatic hydrocarbons (PAHs). Total petroleum hydrocarbon concentration ranged from 3,667.1 to 4,591.9 mg/kg in surface samples and 2,206.4 to 2,949.0 mg/kg in subsurface samples (Fig. 2). These concentration levels were high and indicate the spilled crude oil polluted the Niger Delta soils at both surface and subsurface depths.
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Figure 2. Distribution of total aliphatic hydrocarbons (AHCs) and polycyclic aromatic hydrocarbons (PAHs) in the Ogoni oil spill soil samples.
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Petroleum hydrocarbon concentrations in the oil spill soil samples were characterized by dominance of PAHs. The PAHs concentrations were considerably higher than AHCs in all the samples at both surface and subsurface depths (fig. 2). Average AHC and PAH concentrations in surface samples was 408.8 mg/kg and 3,586.4 mg/kg and accounted for 10.33% and 89.67% of total petroleum hydrocarbon (TPH) composition respectively, while in subsurface samples, average concentrations of 649.6 mg/kg and 1,859.1 mg/kg accounted for 25.62% and 74.38% of TPH composition respectively. AHCs are the most abundant hydrocarbons in non-degraded crude oils, but they decrease as degradation proceeds, whereas PAHs are minor constituents of crude oils. PAH composition increase with degradation and they are most abundant in combustion products (Waples, 1985; Wang et. al., 2007). The petroleum hydrocarbon concentrations in the oil spill soils indicate significant degradation of AHCs and increase in the concentrations of PAHs. Also, PAH concentrations in surface samples (3236.6 to 4190.0 mg/kg) are higher than subsurface samples (1692.9 to 2063.4 mg/kg), while AHCs concentrations in surface soil samples (363.4 to 439.6 mg/kg) were lower than subsurface samples (513.5 to 885.6 mg/kg). This indicate petroleum hydrocarbon degradation in the oil spill soils was more at surface than subsurface depth.
Distribution of Petroleum hydrocarbons
AHC distribution was obtained from the gas chromatographic analysis of saturate fraction of the oil spill soil sample extracts. The AHC distribution was from nC13 – nC36 in surface samples, and nC10 – nC36 in subsurface samples (fig. 3). 
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Figure 3. Aliphatic hydrocarbon distribution in the oil spill soil samples from Ogoni, Niger Delta.
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Fig. 3 shows the complete absence of n-alkanes  C12 in surface samples and  C9 in subsurface samples. Also, n-alkanes with concentrations  20 mg/kg are C28-C34 in surface samples, and C20-C33 in subsurface samples except for nC23 with a mean of 19.5 mg/kg (SB-23 20.2 mg/kg, SB-25 23.2 mg/kg, SB-27 18.2 mg/kg and SB-29 16.5 mg/kg). As weathering progresses, low molecular weight (LMW) C10 - C22 n-alkanes are depleted more than high molecular weight (HMW)  C23 n-alkanes (Gao and Chen, 2008). The low concentrations of AHCs in the soils indicated degradation of the spilled oil residue. Also, the presence of LMW nC10 - nC12 alkanes and the increased concentrations of HMW nC20 - nC33 alkanes in subsurface samples indicated the degradation of the spilled oil residue was more in surface than subsurface soils.
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Nap: naphthalene, Acy: acenaphthylene, Ace: acenaphthene, Fle: fluorene, Phe: phenanthrene, Ant: anthracene, Fth: fluoranthene, Pyr: pyrene, BaA: benzo[a]anthracene, Chr: chrysene, BbF: benzo[b]fluoranthene, BkF: benzo[k]fluoranthene, BeP: benzo[e]pyrene, BaP: benzo[a]pyrene, IP: indeno[1,2,3-cd]pyrene, DA: dibenzo[a,h]anthracene, BP: Benzo[g,h,i]perylene.
Figure 4. Polycyclic aromatic hydrocarbon distribution in oil spill soil samples from Ogoni, Niger Delta.
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Gas chromatographic analysis identified 17 PAHs which distribute from naphthalene to benzo(g,h,i)perylene in the aromatic fraction of the oil spill soil sample extracts (fig. 4). The 3-ring PAHs, Acy, Ace, Fle and Phe with mean concentrations of 137.8 mg/kg, 47.6 mg/kg, 55.4 mg/kg and 31.5 mg/kg in surface samples were lower than 174.2 mg/kg, 168.3 mg/kg, 85.9 mg/kg, and 82.3 mg/kg in subsurface samples respectively. On the contrary, the 5-6 ring PAHs, BbF, BkF, BeP, BaP, IP, DA and BP, with mean concentrations of 218.6 mg/kg, 160.4 mg/kg, 211.3 mg/kg, 243.9 mg/kg, 931.8 mg/kg, 956.4 mg/kg and 184.8 mg/kg, in surface samples were higher than mean concentrations of 25.3 mg/kg, 30.4 mg/kg, 92.5 mg/kg, 80.7 mg/kg, 389.8 mg/kg, 345.6 mg/kg and 76.9 mg/kg in subsurface samples, respectively. This kind of PAH composition indicate generation of HMW PAHs by combustion of organic material via hydrocarbon pyrolysis and reaction between free C2 radical species, such as olefins, and smaller aromatic compounds (Wang, 2009). Consequently, PAH distribution in the samples suggest the oil spill soils had experienced burning. The difference in PAH concentrations, HMW enhanced in surface than subsurface samples and LMW decreased in surface than subsurface samples, indicate that burning of the oil spill soils was more efficient at surface than subsurface depth.
Diagnostic ratios of petroleum hydrocarbons
Common diagnostic ratios of AHCs employed in this environmental forensic study were calculated from gas chromatography data and presented in table 2.
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Table 1. Diagnostic ratios of aliphatic hydrocarbon employed for the oil spill study.
	Samples
	Pr/nC17
	Ph/nC18
	Pr/Ph
	CPI

	SF-13
	0.97
	1.13
	1.20
	0.74

	SF-15
	0.96
	1.09
	1.02
	0.89

	SF-17
	1.05
	1.13
	1.20
	0.79

	SF-19
	1.05
	1.12
	1.00
	0.69

	Mean
	1.01
	1.12
	1.11
	0.78

	
	
	
	
	

	
	
	
	
	

	SB-23
	1.00
	1.10
	1.16
	0.85

	SB-25
	4.68
	2.26
	1.73
	0.93

	SB-27
	1.78
	1.56
	1.45
	1.00

	SB-29
	4.65
	2.32
	2.51
	1.08

	Mean
	3.03
	1.81
	1.71
	0.96


CPI = (C23+C25+C27+C29+C31+C33)/(C24+C26+C28+C30+C32+C34)
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Carbon preference index (CPI) shows the distribution of odd over even carbon-numbered n-alkanes. This parameter is frequently used in assessing the potential sources of n-alkane hydrocarbons in the environment (Bray and Evans, 1961). Biogenic hydrocarbons, including plant and phytoplankton, show n-alkanes distribution pattern of odd carbon-numbered alkanes being more abundant than even carbon-numbered alkanes with CPI values >2 (typically from 3 to 11). Crude oils characteristically have values around 1 indicating petrogenic input to source, while values close to 1 suggest n-alkanes from anthropogenic activities such as vehicular emissions, fossil fuel combustion and biomass combustion (Wang et. al., 1999; Seki et. al., 2006). In this study, the calculated CPI values are from 0.69 - 0.89 with mean of 0.78 in surface samples and 0.85 - 1.08 with mean of 0.96 in subsurface samples (table 1). This suggest the oil spill soils at surface depth, with CPI values below unity (< 1), had undergone combustion of the fossil fuel, while at subsurface depth, CPI values around unity (≈1) indicated the oil hydrocarbons were petrogenic.
Pristane (Pr) and Phytane (Ph) are two most abundant isoprenoid hydrocarbons found in crude oils. Their boiling points are close to n-heptadecane (nC17) and n-octadecane (nC18) and they elute almost immediately after the n-alkanes during gas chromatography analysis, respectively (Peters and Moldowan, 1993). These hydrocarbons are diagnostic markers of petroleum source and provide valuable information on the degradation of oil hydrocarbons (Gao and Chen, 2008). In Niger Delta crude oils, pristane is usually dominant over phytane with Pr/Ph ratios characteristically  2 (Stout et al., 2007; Sonibare et al., 2008), while Pr/nC17 and Ph/nC18 ratio values are 1.35 and 0.66 respectively (Onyema et al., 2013b). But, during biodegradation n-alkanes are depleted faster than isoprenoids, leading to an increase in Pr/nC17 and Ph/nC18 ratios (Peters et al., 2005). Calculated ratios of Pr/Ph, Pr/nC17, and Ph/nC18 for the oil spill soil samples are presented in table 1. In surface soil samples, ratios of Pr/Ph from 1.00 - 1.20 with a mean of 1.11, Pr/nC17 from 0.96 - 1.05 with a mean of 1.01, and Ph/nC18 from 1.09 - 1.13 with a mean of 1.12 were close to 1 (ratios ≈ 1). This indicate that these hydrocarbons, with close boiling points, were comparably depleted. In subsurface soil samples, ratios of Pr/Ph from 1.16 - 2.51 with a mean of 1.71, Pr/nC17 from 1.00 - 4.68 with a mean of 3.03, and Ph/nC18 from 1.10 - 2.32 with a mean of 1.81, showed pristane was dominant over phytane. Also, the isoprenoids/n-alkane ratios in subsurface soil samples were higher than surface due to differential depletion. These results suggest the oil spill soils polluted by a typical Niger Delta crude oil was burnt at surface depth and biodegraded at subsurface depth.
PAHs derived from different sources have distinct compositions which are used as fingerprint to determine the most significant source in environmental samples. PAH compositions of crude oils are usually dominated by the LMW 2-3 ring, while the HMW 4-6 ring are minor components, but dominant in products from the combustion of organic material (Chen et. al., 2004; Wang, 2009). Diagnostic ratios of polycyclic aromatic hydrocarbons were calculated from gas chromatography data of the oil spill soil samples and presented in table 2.
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Table 2. Diagnostic ratios of polycyclic aromatic hydrocarbons employed for the oil spill study.
	Samples
	LMW (mg/kg)
	HMW
(mg/kg)
	HMW/
LMW
	Phe/Ant
	Fth/Pyr
	BaA/Chr

	SF-13
	389.72
	3140.55
	8.06
	1.38
	2.82
	0.99

	SF-15
	356.15
	2880.49
	8.09
	1.22
	1.98
	0.95

	SF-17
	430.12
	3759.86
	8.74
	0.88
	3.09
	0.94

	SF-19
	372.93
	3015.64
	8.09
	1.32
	2.42
	1.27

	Mean
	387.23
	3199.14
	8.24
	1.20
	2.57
	1.04

	
	
	
	
	
	
	

	SB-23
	676.46
	1386.95
	2.05
	2.46
	0.23
	0.64

	SB-25
	605.61
	1196.48
	1.98
	3.85
	0.21
	1.17

	SB-27
	631.53
	1246.61
	1.97
	2.76
	0.19
	0.64

	SB-29
	586.59
	1106.26
	1.89
	3.42
	0.15
	0.65

	Mean
	625.05
	1234.08
	1.97
	3.12
	0.19
	0.77


LMW PAHs = Σ 2 - 3 ring
HMW PAHs = Σ 4 - 6 ring
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From table 2, HMW/LMW ratios from 8.06 - 8.74 with a mean of 8.24 in surface samples indicated that the oil spill soils at surface depth were clearly dominated by HMW PAHs. In subsurface samples, ratios from 1.89 - 2.05 with a mean of 1.97 were significantly lower than that of surface samples and attributed to increased LMW PAH concentrations. These ratios indicate generation of HMW PAHs from combustion of the oil spill soils at surface depth and mixture of pyrogenic and petrogenic PAH sources at subsurface depth.
PAH isomers suited as source diagnostic parameters are 3 ring - phenanthrene (Phe) and anthracene (Ant), and 4 ring fluoranthene (Fth), pyrene (Pyr), benzo[a]anthracene (BaA), and chrysene (Chr). Phenanthrene, pyrene and chrysene are petroleum characteristic compounds derived from crude oil and referred to as petrogenic PAH, while anthracene, fluoranthene and benzo[a]anthracene are preferentially produced during combustion (pyrolysis) of organic material and referred to as pyrogenic PAH (Peters et. al., 2005). Phe/Ant ratio greater than 10 (>10) suggest crude oil source for PAHs, with degraded oils having ratios <10. Similarly, Fth/Pyr ratio >1 indicate combustion processes for PAH, while ratio <1 suggest petroleum origin. BaA/Chr ratios for crude oils are < 0.02 with higher values indicating pyrogenic input from combustion of organic material (Wang et. al., 1999). In Niger Delta crude oil, the composition of these PAH isomers are Phe 3.80%, Ant 0.32%, Fth 0.69%, Pyr 36.14%, BaA 0.30%, and Chr 21.83% of total PAHs (Onyema, 2012). But, their compositions are altered by degradation with Phe/Ant ratios from 4.34 - 7.18 and Fth/Pyr from 0.53 - 0.82 reported by Onyema et al (2013b) for natural weathered spilled oils. The calculated PAH isomer ratios for the oil spill samples are presented in table 2. Phe/Ant ratios from 0.88 - 1.38 with a mean of 1.20 in surface samples and from 2.46 - 3.85 with a mean of 3.12 in subsurface samples indicated the oil spill soils were degraded, more at surface than subsurface depth. Fth/Pyr ratios from 1.98 - 3.09 with a mean of 2.57 in surface samples and from 0.15 - 0.23 with a mean of 0.19 in subsurface samples indicated generation of pyrogenic PAHs, e.g. fluorathene, from combustion of fossil fuels in surface soils and petrogenic source for PAHs in subsurface soils. BaA/Chr ratios from 0.94 - 1.27 with a mean of 1.04 in surface samples and from 0.64 - 1.17 with a mean of 0.77 in subsurface samples indicated pyrogenic input from combustion of process, which was more at surface than subsurface depth. From the PAH ratios, the crude oil spill soils at surface depth with high pyrogenic PAHs composition were burnt extensively and at subsurface depth, mixed pyrogenic-petrogenic PAH composition suggested the soils were burnt moderately.

Conclusion
Gas chromatographic analysis of soils spilled with crude oil from a similar source, in Niger Delta, revealed significant petroleum hydrocarbon pollution, at both surface and subsurface depths. Petroleum hydrocarbon compositions were predominantly PAHs, with the AHCs severely degraded. AHC and PAH diagnostic ratios were used as chemical fingerprinting tool. AHC ratios, CPI, Pr/Ph, Pr/nC17 and Ph/nC18, suggest combustion by burning of the spilled oil hydrocarbons in surface soils, and biodegradation in subsurface soils. PAH ratios, HMW/LMW, Phe/Ant, Fth/Pyr and BaA/Chr, suggest pyrogenic source for PAHs in surface soils and mixed pyrogenic and petrogenic sources for PAHs in subsurface soils. The Niger Delta oil spill, which polluted soils at both surface and subsurface depths, was burnt extensively at surface depth and moderately at subsurface depth.
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Amount (mg/kg)



10	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	0	0	0	0	0	0	0	0	0.95791693187554661	11	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	0	0	0	0	0	1.6892898633193982	0	1.8087190375727307	1.9463196683918278	12	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	0	0	0	0	0	3.9602297618865983	2.9120553122965744	2.6336292242005794	1.9727844936306322	13	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	8.1800750368194493	10.372900539817046	7.7857359821071359	10.849764074550199	0	13.275105316320403	1.299795459502268	1.8120126467915916	0.972369076131683	14	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	9.1141918447437309	10.16953331496374	8.1224059540882578	8.8887731950212086	0	26.195157976688407	10.047492133986326	12.780894465802577	8.4524725946858261	15	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	9.8836152956009222	9.1862066637370425	9.2629490601664237	9.9313371177905552	0	20.008005619789134	16.507190753807517	16.19153343020216	13.597791920416993	16	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	12.420722898239159	11.430399085186183	9.9098394278755233	10.283929441388247	0	17.515928291633585	18.310910542584853	17.267236054657637	17.025506851722579	17	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	13.42846370801162	11.63486403676966	12.420722898239159	11.090776210737776	0	16.795210313430797	10.366962328238793	14.777146952844381	13.192031073691348	Pr	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	13.005339511302937	11.137046295992299	13.005339511302937	11.655600193435916	0	16.798528851192494	48.562310636353793	26.368914603577661	61.282540576143319	18	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	9.559545846258132	10.019932771413329	9.559545846258132	10.409981956105518	0	13.13093460501482	12.403964360028169	11.687735375470201	10.530360887183168	Ph	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	10.825351968812976	10.897061101793593	10.825351968812976	11.626902862400907	0	14.496927046771969	28.04609075443074	18.195732134892921	24.428525842942108	19	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	12.692178493726241	18.512840289983426	12.692178493726241	13.227184815598044	0	17.895222999023417	13.792169983022609	14.870080906755328	12.71982647906453	20	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	11.370735840942382	14.301295071820764	11.37073584094238	12.250659874004677	0	35.662733844284084	14.339441410889348	18.421040237671434	12.417574233095474	21	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	12.038997150907544	16.111622699648503	12.038997150907544	12.875422058094104	0	21.552491048660244	25.549203746372495	21.983544697940463	22.432192533169722	22	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	12.529651339169998	13.962624311315381	12.529651339169998	14.150980732800212	0	33.474836582004535	21.573012289996953	22.669616439886944	17.137776277701544	23	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	9.8980255087900009	10.78594663721268	9.8980255087899991	11.890948725975225	0	20.181799097631487	23.204756336923268	18.182144572904591	16.543027124452109	24	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	11.055600740460001	11.494147727091045	11.055600740460001	12.396374698376158	0	73.838267842056311	23.987770329625413	30.607964450918193	19.305258904417283	25	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	7.9162724482374003	10.685641744496252	7.9162724482374003	9.7613305130978745	0	28.96684227124404	27.607455666036213	22.823491163328239	18.82998653603774	26	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	20.022998133035646	12.651931664051196	9.19557092715743	16.105011935799283	0	59.116823572059644	33.59871331996829	43.386698909932832	25.351497405750919	27	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	16.392367658569331	17.047131619436303	16.392367658569331	19.32820005985678	0	87.730077761718746	34.282683945163242	42.30477680699768	25.241355560023557	28	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	38.816271886825568	41.986264532476774	38.816271886825568	49.13443832206864	0	98.528903694152561	28.888459916083914	36.43181929492593	18.861113303138644	29	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	23.324670956802361	29.781874089990541	23.324670956802361	30.647404681861914	0	100.07564489480615	33.687025087755984	39.260901309521955	20.693597881176657	30	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	24.483924031219502	22.856787290681623	24.395488238665742	35.698741023417604	0	82.558151227844007	47.626033620607245	38.102030528747477	24.765982206233108	31	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	19.076575937244403	31.913509256828441	18.918687247223563	20.887518708668694	0	31.292099635055582	46.24884465077988	34.542903461977481	38.54743319325398	32	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	17.137965602853754	19.034332115384508	23.227027783959748	24.930416985529352	0	18.273930634670279	56.592275374150056	25.120231175868184	40.169777834943247	33	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	14.717458591918945	24.379080714244154	36.979222723314088	22.644922412213337	0	21.135405498804055	23.090805380011258	24.062162358067809	27.929780440239291	34	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	11.79586321400072	31.690491726675369	36.58087317678968	27.506323083937783	0	8.1155301295280626	11.800263695415033	8.3756659765723764	8.6530309165136181	35	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	9.1488990353746562	10.852977671822027	8.9147110785946229	16.404794315887603	0	1.6719305946106893	11.296380930423638	2.4007763772525199	4.2561723240641527	36	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	4.5545601879272501	7.5954987959330529	6.7601545101884755	4.9770008451455894	0	1.6588830021128633	4.2134587773283299	2.5240471604076826	5.275292332471591	C8	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	0	0	0	0	0	0	0	0	0	C9	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	0	0	0	0	0	0	0	0	0	Surface samples                      Subsurface samples

Amount (mg/kg)


Nap	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	85.821800231933594	85.821800231933594	94.26833979012703	85.821800231933594	92.610005856990938	84.312054713509298	88.461030285250118	84.312054713509298	Acy	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	145.83602521942149	117.59110333895659	156.18487405027824	131.71356427918903	195.54533355102524	182.5884508259569	171.38540189110103	147.22547023117681	Ace	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	36.035354561662587	56.773394419206262	51.29097429992337	46.404374490434414	174.15079782142632	122.35263284325815	183.45816476850712	192.76553171558794	Fle	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	53.850267238197191	56.744120338413083	55.615065552841401	55.297193788305137	85.914955221748301	83.188669337323461	86.787045278471595	87.659135335194847	Phe	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	39.534007576904294	21.592015475921581	34.103108681732607	30.563011526412939	91.207502074470398	105.73224018178962	74.477274191548148	57.747046308625883	Ant	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	28.642112291908333	17.626683262775128	38.657629106992921	23.134397777341736	37.029417690258086	27.435742027865153	26.956843452306892	16.884269214355701	Fth	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	196.57913038791656	127.39432137437514	279.78067527006129	161.98672588114584	33.851644871654457	23.784798233999023	24.632765243203174	15.413885614751882	Pyr	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	69.818145751953196	64.322250313844364	90.628569952547124	67.070198032898787	149.59823907348647	115.24700947324912	127.8866579654829	106.17507685747931	BaA	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	6.1520125723958055	10.616380401737587	20.223181777608197	12.305567662538348	24.950730251264567	17.266291667882559	19.024444458486268	13.098158665707968	Chr	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	7.8235790738296469	14.018154271317904	26.936014350741342	12.114758555651711	38.023118503093791	14.414451012949201	28.905635155139166	19.788151807184544	BbF	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	140.41146889125832	218.98218055635641	335.09893187934409	179.69682472380737	34.962150568294668	14.649664471801914	28.904698638371393	22.847246708448111	BkF	
SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	166.81884432426455	90.318556432406822	255.86221952233421	128.56870037833571	45.325598040390084	29.551701292671734	30.662695589696614	15.999793139003145	BeP	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	112.43745821134578	235.27746048582966	323.79141869630689	173.85745934858772	125.89837699630739	43.718556715907276	108.69013268105253	91.481888365797673	BaP	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	245.43252339630124	273.80888886094249	196.74593938393312	259.62070612862186	66.724975098381094	83.236681088465659	79.792648568447049	92.86032203851299	IP	

SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	929.33173904785156	942.38008043593356	919.76087001809776	935.85590974189267	385.22561439422617	389.23420404231695	389.96244301694816	394.69927163967031	DA	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	1076.6777887090748	734.89519750142358	1108.3517810978922	905.78649310524895	398.85054457975849	387.45236818058225	331.65465773018809	264.45877088061764	BP	SF-13	SF-15	SF-17	SF-19	SB-23	SB-25	SB-27	SB-29	189.06881809234625	168.4777633658031	202.68431554919374	178.77329072907466	83.540235266647414	77.928346365745227	76.490791383142451	69.441347499637487	Surface samples                            Subsurface samples

Amount (mg/kg)
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