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A B S T R A C T   

Used crankcase oil is an important source of environmental polycyclic aromatic hydrocarbons 
(PAHs). Here, we use gas chromatography-mass spectrometry (GC-MS) to measure and compare 
the concentration of PAHs, including alkylated PAHs, in used oil against new and old oil stains 
and parking dust collected from a concrete, covered, open parking structure to understand the 
distribution of PAH in crankcase oil stains. PAH concentration in used oils ranges from 606 ng/mg 
to 1,592 ng/mg. The PAH distribution in used oil does not match that observed in parking oils 
stains, parking background, or parking dust. A comparison with PAH distributions in traffic 
related dusts extracted from the literature and dust collected from a neighboring open asphalt- 
paved parking suggests that covered parking dust includes substantial contributions from 
asphalt-paved parking dust, road dust, and/or coal tar dust. The parking dust is the most 
concentrated source of PAHs in the covered parking structure (PAHs up to 4,371 ng/mg), a small 
contribution of which can alter the distribution of PAHs in oil stains. Even with this contribution, 
we were able to observe a significant decrease of the ratio of low molecular weight PAHs to high 
molecular weight PAHs, and a significant increase in values of the phenanthrene/anthracene and 
fluoranthene/(fluoranthene + pyrene) ratios when oil stains age, suggesting biodegradation is an 
active attenuation process in covered, open parking structures.   

1. Introduction 

The adverse effects exerted by polycyclic aromatic hydrocarbons (PAHs) in used crankcase oil on the environment have been 
known for nearly four decades [1]. Engine oil comprises 80 %–90 % base oil [2,3] and up to 20 % oil additives that enhance per-
formance [1,4]. When engines run, PAHs are transferred to crankcase oil as fuel-incomplete combustion byproducts and form in the oil 
at high temperatures [1,5–7]. The presence of PAHs in used crankcase oil is significant, even at low vehicle mileage [5,8]. When an 
engine leaks oil, PAHs are directly introduced into the environment as crankcase oil, which is then deposited on parking and roadway 
surfaces. 

Although there are two main types of commonly used paving surfaces, Portland cement and asphalt, the latter is primarily used 
because it is cheap, easy to use, and easy to maintain [9,10]. For example, in the U.S. in 2019, 2.9 million miles of roads were paved, 
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and approximately 92 % were paved with asphalt [11]. Over time, weather-related conditions such as changes in temperature, solar 
radiation, rainfall, and wind cause asphalt pavement to deteriorate. Thus, sealcoating is applied to protect the pavement [12]. The 
most common sealants used are asphalt- and coal-tar-based [13,14]. The PAH concentration in coal-tar sealant (50,000 ng/mg) is 1000 
times higher than that in asphalt sealant (50 ng/mg) [15]. Among transportation-related PAH sources, used crankcase oil is the second 
highest contributor, only preceded by coal-tar sealant [16]. 

The amount of oil leaked on roadways and parking floors is directly dependent on the average age of light vehicles. Cars that have 
been driven for >80,000 to 100,000 miles generally leak crankcase oil as the engine seals and gaskets age [17,18]. Leaked engine oil is 
a worldwide issue, and its environmental and health consequences are particularly acute in developing countries where used cars with 
high mileage are imported in larger numbers than new cars. More than 60 % of annually registered vehicles in Africa are imported used 
vehicles [19,20]. Ayetor et al. [21] indicated that >85 % of the imported vehicle fleet in Africa was used, and Mbandi et al. [22] 
suggested that mileage of >300,000 miles is typical of cars in Africa. Many countries in Africa do not enforce limitations on the age and 
mileage of imported cars, and some countries, such as Nigeria, allow the import of vehicles up to 15 years of age [21]. 

Many PAHs are toxic or possibly carcinogenic to humans [23]. PAHs are hydrophobic, and high-molecular-weight (HMW) PAHs 
have low vapor pressure and low water solubility [24–26]. Thus, when released into the environment, PAHs tend to accumulate in soils 
and sediments [8,27,28]. The physicochemical properties of PAHs determine their natural attenuation processes and environmental 
fate [25,29,30]. Dissolution enhances PAHs bioavailability and subsequently facilitates their biodegradability [31–33], with 
biodegradation being the primary PAH attenuation mechanism [34,35]. 

Due to the negative impact of PAHs on human health and the environment, multiple studies have been conducted to investigate 
PAH distributions in urban runoff, waterbodies, dust, soils and sediments to identify PAH sources [15,36–44]. Latimer et al. [45] 
suggested that leaked oil on parking lots and roadways is a significant source of PAHs in urban runoff and that the degradation rate of 
leaked oil deposited on parking and road surfaces must be determined to understand its impact on the environment. To date, studies on 
PAH distribution in urban runoff have not distinguished between PAHs derived from asphalt and those derived from leaking crankcase 
oil, and these two sources of PAHs are considered one group [36,46,47]. Other studies have discussed the contribution of leaked 
crankcase oil to PAH particulates in road dust, urban runoff [39,48] and aerosols [49]. In addition, studies have evaluated the 
contribution of PAHs in parking sealcoats, pavements, and surface materials to pollution in urban streams [46,50]. To the best of our 
knowledge, the contribution of PAHs in leaked crankcase oil deposited on parking lot surfaces to the environment, independent of 
asphalt sources, where the composition of leaked oil may change owing to natural attenuation processes and where significant PAH 
accumulation may occur, has never been investigated. 

In this study, we address this gap by characterizing the contribution of PAHs to urban environments via crankcase oil stains on 
parking surfaces separate from asphalt. We sampled oil stains from a concrete parking structure where leaking oil had accumulated for 
approximately 10 years. More specifically, we measured PAH concentration in used oil and in new and aging oil stains and reported the 
PAH profile of leaked crankcase oil of a covered concrete parking structure. The explanation provided for why the oil stains of the 
sampled concrete surfaces do not have the PAH composition of used crankcase oil, but have a composition similar to asphalt road dust, 
can be valuable for future studies designed to investigate the concentration of leaked crankcase oil PAHs in urban environments and 
runoff. Finally, we investigated natural attenuation mechanisms such as evaporation, water washing, and biodegradation, which 
determine the environmental fate of PAHs in accumulated oil stains. 

2. Materials and methods 

2.1. Samples 

2.1.1. Sampling site 
Samples were collected from a covered concrete parking structure located on 801 S Halsted Street in Chicago, IL, USA. This parking 

structure comprises three levels and a basement floor of over 7 ft. clearances for 310 parking spaces. This parking garage is covered; 
however, is considered open because it has uniformly distributed openings on two or more sides, and the minimum perimeter of these 
openings covers 20 % of wall area and 40 % of length [51]. The parking structure was built in 1979 and operated by the University of 
Illinois Chicago. The last major renovation occurred in 1998, when traffic membranes and waterproofing materials were added to 
protect concrete floors from deicer deterioration. The parking structure floor was swept as required and power-washed in 2009. The 
leaked crankcase oil had accumulated for approximately 10 years prior to sampling. 

2.1.2. Parking samples collection 
From April 22 until June 29, 2019, samples were collected from various parking spaces in covered parking structures. Samples were 

collected during daytime hours on days when temperatures were between 11 ◦C and 23 ◦C. Samples were not collected during pre-
cipitation events. In this study, we categorized leaked crankcase oil into two groups based on the age of the oil stain. The age of in-
dividual stains was estimated by their appearance based on daily monitoring of oil stains in the parking structure: new oil stains are 
shiny for 48–72 h, whereas old oil stains appear dry (Supplemental Fig. 1). Parking background samples were collected from areas 
within the parking structure that were free of obvious crankcase oil stains (Supplemental Fig. 1c), and their PAH content was likely 
derived from dry and wet deposition and exhaust. A total of 36 samples (17 new oil stains, 14 old oil stains, and 5 background lo-
cations) were collected from different parking spaces at different levels of the covered parking structure (Supplemental Fig. 2). Two 
dust samples were collected from the first and second parking floors. For comparison, 10 samples (8 background and 2 dust samples) 
were collected from an uncovered coal-tar sealed asphalt pavement parking lot located at 1135 S Morgan St, Chicago, IL, USA. 
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Samples were collected by swabbing oil stains with ~0.2 g of extracted cotton (Soxhlet extracted for 24 h in dichloromethane: 
methanol [DCM:MeOH, 7.5:1, v:v]). Dichloromethane and methanol were purchased from Thermo Fisher Scientific (Waltham, MA, 
USA), checked for contaminants, and, if necessary, glass distilled in the laboratory. Sample swabbing was performed using clean, 
solvent-rinsed (DCM:MeOH; 1:1, v/v) circular stainless steel rings with a total open surface area of 6.60 cm2. The ring was swabbed 
until the floor of the parking lot was visually clear of oil stains. Dust samples were collected by swabbing the dust with ~0.2 g of 

Fig. 1. Selected ion monitoring (SIM) trace of a dust sample collected in a covered concrete parking structure located at 801 S Halsted Street in 
Chicago, IL. (1) benzo(a)anthracene; (2) chrysene; (3) benzo(b)fluoranthene; (4) benzo(j)fluoranthene; (5) benzo(e)pyrene; (6) benzo(a)pyrene; (7) 
indeno(1,2,3-cd)pyrene; (8) bezo(ghi)perylene; (9) naphtho(1,2-k)fluoranthene; (10) dibenzo(b,k)fluoranthene; (11) naphtho(2,3-e)pyrene; (12) 
coronene; (13) dibenzo(a,l)pyrene; (14) dibenzo(a,i)pyrene. 
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extracted cotton (without using a stainless-steel ring) until the cotton could not hold more dust. The surface area sampled for dust was 
not measured exactly but was estimated to be 40 cm2. All collected samples were placed in baked (overnight at 500 ◦C) 50 mL glass 
vials with a solvent rinsed Teflon cap liner, wrapped with aluminum foil, and stored in the dark to prevent photo degradation. 
Collected samples were sorted at 20 ◦C and prepared for analysis within 10 days. 

2.1.3. Used oil sample collection 
Five used oils were obtained from the Audi branch of Fletcher Jones automotive (Chicago, IL, USA). Oil samples were collected 

from automobiles with a known number of miles driven since the last oil change at the same dealership. Samples were collected from 
the following car models: Audi-A5 (2013), Audi-A8 (2002), Audi-A4 (2006), Audi-A4 (2010), and Audi-S8 (2010). All tested oils were 
fully synthetic (Mobil 10 W-30) that did not contain PAHs. 

2.2. Extraction and analytical methods 

The sample preparation and instrumental analysis procedures were developed based on the USEPA Compendieum Method TO-13A 
[52,53]. Cotton swabs used to collect samples were spiked with 1 μg of each deuterated analytical surrogate (acenaphthene-d10, 
fluoranthene-d10 and chrysene-d12) prior to Soxhlet extraction. Acenaphthene-d10 and chrysene-d12 were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Fluoranthene-d10 was obtained from SPEX CertiPrep (Metuchen, NJ, USA). Acenaphthane-d10 
was used for low-molecular-weight (LMW) PAHs, composed of three-ringed PAHs, whereas fluoranthene-d10 and chrysene-d12 were 
used for HMW PAHs, composed of four- or more ringed PAHs (Supplemental Table 1). The collected samples were Soxhlet extracted for 
24 h with approximately 200 mL of DCM:MeOH (7.5:1, v:v). The excess solvent from the extraction was evaporated with a Buchi 
rotavapor R-114 and concentrated to approximately 2 mL. Concentrated extracts were transferred using a Pasteur pipette into glass 
vials, evaporated to dryness under a flux of nitrogen (PRAXAIR, 5.0, ultra-high purity, 99.999 %), and weighed. The extracts were then 
dissolved in cyclohexane (100 μL per mg). Unused and used oils were weighed and dissolved in cyclohexane (100 μL per mg). 
Cyclohexane, Suprasolv, and Omnisolv were purchased from Thermo Fisher Scientific. 

PAHs were identified and quantified using gas chromatography-mass spectrometry (GC-MS) operated in scan mode and selected 
ion monitoring mode (SIM), respectively. GC-MS was performed on a Hewlett-Packard (HP) 6890 GC coupled to an HP 5973 mass- 
selective detector operated in the electron ionization (EI) mode at 70 eV and scanning a mass range (scan mode) of m/z 40 to m/z 
650 at 2.44 scans/s. Temperatures of the ion source and transfer line were set at 230 ◦C and 290 ◦C, respectively. The capillary column 
used was a HP-5MS (30 m × 0.25 mm × 0.25 μm) with helium as a carrier gas (PRAXAIR, 5.0 Ultra High Purity, 99.999 %). The 
temperature of the GC oven was maintained at 60 ◦C for 1.50 min and programmed to increase to 140 ◦C at 10 ◦C/min, then increase to 
320 ◦C at 3 ◦C/min. The injector temperature was set at 300 ◦C and operated in pulsed splitless mode (40 PSI for 1.5 min). 

Targeted compounds were identified based on their mass spectral fragmentation with the help of the Wiley and NIST EI mass 
spectral databases, in-house, literature-based mass spectral databases, and relative retention times of parent PAHs and methyl PAHs 
(MPAHs) reported in previous studies (Supplemental Table 2). Fig. 1 shows the isomeric distribution of selected PAHs (m/z 228, m/z 
252, m/z 276, m/z 300 and m/z 302) of a dust sample collected of a covered concrete parking structure. All used oil, covered parking 
structure and uncovered parking lot samples had the same isomeric distributions of PAHs. Quantitation was based on the primary ions 
of the selected parent PAHs and MPAHs operated in the SIM. Methyl PAHs were quantified by using the relative response factor (RRF) 
of their respective parent PAHs. 

2.3. Quality assurance/quality control (QA/QC) 

Blank samples, solvents, analytical surrogates, and standard solutions were regularly analyzed to monitor contaminants. Method 
blanks were used to detect carryover contamination between samples. All glassware was washed, double rinsed with distilled water, 
and heated in a muffle furnace at 500 ◦C for at least 12 h before use. 

To assess the validity of the method, three replicates, ~0.2 g of clean unused cotton, were spiked with phenanthrene, anthracene, 
pyrene, fluoranthene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd) 
pyrene, benzo(g,h,i)perylene, and dibenzo(a,h)anthracene, all purchased from Sigma-Aldrich, and coronene, purchased from SPEX 
CertiPrep, reaching a final concentration of 0.035 ng/μL for each PAH and 0.35 ng/μL for coronene. These triplicates were processed in 
all the steps of the method. The relative standard deviation (RSD) of method validation replicates was ≤34 % for all PAHs except 
analytical surrogate acenaphthene-d10 (RSD = 132 %). Average recoveries for PAHs were 44 % for phenanthrene, 39 % for 
anthracene, 67 % for pyrene, 65 % for fluoranthene, 97 % for benzo(a)anthracene, 96 % for chrysene, 78 % for benzo(b)fluoranthene, 
83 % for benzo(k)fluoranthene, 79 % for benzo(a)pyrene, 91 % for indeno(1,2,3-cd)pyrene, 98 % for benzo(g,h,i)perylene, 85 % for 
dibenzo(a,h)anthracene, and 84 % for coronene. However, the average recovery of acenaphthene-d10 was not determined. 
Acenaphthene-d10 was not detected, below the acceptance limit and above the acceptance limit for the three replicates. Among the 
tested PAHs, phenanthrene and anthracene were less accurate than other PAHs, with average recoveries of 44 % and 39 %, respec-
tively. The results obtained for acenaphthene-d10 were neither precise nor accurate. 

To assess the validity of the used oils method, unused oil samples containing no PAHs were weighted and spiked with 2.5 ng/μL of 
PAHs to yield final concentrations of 0.25 ng/μL for all PAHs and 0.125 ng/μL for coronene. The RSDs for PAHs ranged from 5 % to 20 
%, whereas average recoveries ranged from 61 % to 99 %. 

The instrument detection limits (IDL) of the PAHs were determined based on five calibration standards for 16 PAHs, including 
analytical surrogates. The concentrations of the calibration series are (in pg/μL): 0.50, 0.65, 1.50, 2.00, and 10.00. The instrument 
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response to the PAHs in each calibration solution was recorded as the peak height. The linearity of the instrument response was 
evaluated by plotting the amount of PAHs injected against the peak height [54]. The coefficients of determination values were R2 =

0.94 and R2 ≥ 0.97 for acenaphthene-d10 and tested PAHs, respectively. The calculated IDL and instrument quantitation limit were 
used to estimate the initial method detection limit (MDLi). The MDLi was used to calculate the method detection limit (MDL) and 
method quantification limit (MQL) for the PAHs [54]. Recoveries of analytical surrogates for analyzed samples (53 % of 
acenaphthene-d10, 70 % of fluoranthene-d10, and 82 % of chrysene-d12) were within the acceptable range of 40–140 % [53]. The 
PAH concentration between MDL and MQL was replaced by ½ MQL [54]. We reported PAHs as not detected (n.d.) when no signal was 
generated or when the concentrations were below the MDLs. For the calculations, n.d. = 0. When performing statistical analysis, we 
only used compounds for which we had a value above the MDL. Minitab statistical software was used for data analysis. 

3. Results and discussion 

3.1. Parking oil stains, background, and dust 

The mean of the sum of PAH concentrations for each sample was higher for new oil stain samples (531 ± 285 ng/mg; n = 17) than 
for old oil stain samples (200 ± 112 ng/mg; n = 14), whereas the mean concentrations of PAHs for used oil and parking background 
were 947 ± 404 ng/mg (n = 5) and 30 ± 15 ng/mg (n = 5), respectively. The Kruskal–Wallis statistical test for comparison (reject null 
hypothesis if p < 0.05) indicated that the total PAH concentrations in the old oil stains were significantly lower than those in the new 
oil stains (p = 0.000; Fig. 2). The mean concentration for each category decreased from used oil to new and old oil stains and to parking 
background (Fig. 2). The two parking dust samples collected had markedly higher PAHs concentrations (1, 254 ng/mg and 4, 371 ng/ 
mg). Only one of the tested oil samples had a total PAH concentration within this range (1,592 ng/mg; Fig. 2). The PAH distribution of 
the full synthetic oil samples we tested was similar to that observed in other synthetic used oils [5,55] and in samples collected from 
service stations from mixed synthetic and conventionally used oils [48], with pyrene being more abundant than fluoranthene. In four 
of our five used oil samples, benzo(a)anthracene was more abundant than chrysene, suggesting that the PAH distribution observed in 
our used full synthetic oils is representative of modern used oil in general. 

The mean percentage of each parent PAH relative to the total PAHs within each sample population is shown in Fig. 3 for the used 
oil, oil stain, parking background, and parking dust samples. The PAH distribution of the used oil was different than that of parking oil 
stains (new and old), parking backgrounds, and parking dust. Phe and Pyr were the predominant parent PAHs in used oil. LMW PAHs 
were not predominant in parking oil stains or covered parking dust, and were only present in one of the five covered parking back-
ground samples. Pyr was more abundant than Flu in used oil, whereas the reverse was true for all collected parking samples, all with p- 
values <0.05. In used oil, BaAn had a higher relative abundance than Chry and Bbflu; however, the reverse was observed in all samples 
of oil stains, parking backgrounds, and parking dust (covered concrete and open asphalt-paved). BaAn was significantly lower in 
relative abundance than Chry, with p-values ≤0.003 in all oil stain samples. The relative abundance of IP in the used oil was 
significantly lower than that of BghiP, whereas the relative abundances of these compounds were not significantly different in any of 
the parking samples. HMW PAHs comprising five or six rings (m/z 278 and m/z 302) were either not detectable in used oil or were 
present in small amounts compared to covered parking stains (new and old), covered parking dust, and open parking dust (Fig. 3; 

Fig. 2. Total PAH concentration in used oil samples collected from an Audi dealership (n = 5), parking oil stains (new n = 17 and old n = 14), 
parking background (n = 5) and parking dust (n = 2). Solid lines represent PAH concentration means. 
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Supplemental Table 3). Petrogenic PAH sources are generally believed to be depleted in HMW PAHs but have abundant LMW PAHs 
and alkylated homologues. In contrast, pyrogenic sources are enriched in HMW PAHs [48,56,57]. Among the used oils in this study, 3- 
and 1-methylphenanthrenes were the most abundant PAHs in oils used for ≤7,418 and 18,000 miles, respectively, underlining the 
large contribution of petrogenic PAHs (Supplemental Table 3). PAHs in used oil samples we tested were in part petrogenic, derived 
from unburnt fuel, and in part pyrogenic, being the byproduct of the incomplete combustion of fuel, or formed in the oil at high 
temperature [48,58]. 

Similarly, we sampled all types of oil stains by collecting all materials available within a metal ring of known diameter with a cotton 
swab, leaving the concrete floor clean. This means that each sample integrates all the previous depositions at that point for the last 10 

Fig. 3. Parent PAH profiles of (a) used oils, (b) new oil stains, (c) old oil stains, (d) covered parking background, (e) covered parking dust and (f) 
open parking dust. 
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years. Such an approach must have favored a convergence of the distribution of PAHs in all parking stains (Fig. 3) and perhaps helped 
explain the large variability in the total PAH concentration data within the new oil stain samples (Fig. 2). The direct link between the 
stains formed under the engines of cars on parking floors cannot be doubted; however, we must review the processes that may be at the 
origin of this difference in PAH distribution. In the following sections, we first consider the potential contribution of other sources of 
PAHs to used oil and then discuss the processes of natural attenuation that may affect the PAH distribution of oil stains. 

3.1.1. Transportation-related PAH sources 
Leaked crankcase oil does not appear to be the main source of accumulated PAHs in parking oil stains, and the contribution of PAHs 

to crankcase oil stains from other traffic-related PAH sources, such as automobile exhaust, atmospheric fallout (dry or wet deposition), 
tire particles, asphalt pavements, and street dust [33,59–61] must be considered. 

Chi-square (X2) was used to evaluate the similarities between profiles based on 13 PAHs (PAH13; Phe, An, Flu, Pyr, BaAn, Chry, 
Bbflu, Bkflu, Bepyr, Bapyr, IP, BghiP, and D(a,h)an) among the used crankcase oils, oil stains, covered parking background and covered 
parking dust, asphalt parking background and asphalt parking dust, and the PAH13 profiles of transportation-related PAH sources 
analyzed by Van Meter et al. [62] (Fig. 4). X2 is the sum of the squared difference in the PAHs proportional values (in % of a defined 
group of PAHs) between two samples divided by the mean of these two proportional values [15,63]. Low values of X2 (close to 0) 
indicated similarities in distribution, whereas high values indicated large differences in distribution. Using the raw data of Van Meter 
et al. [62], we calculated the proportional PAHs abundance using PAH13 for street dust, coal-tar sealant dust, and asphalt-paved 
parking dust (unsealed). 

The heat map of X2 values (Fig. 4) illustrates the difference between the used oil and the new and old parking stains with values of 
0.53 and 0.76, respectively. In contrast, the heat map illustrates the similarity between the PAH13 profiles of the new and old oil stains, 
with a X2 of 0.06. The PAH13 profiles of new and old oil stains were also related to those of the covered parking dust, all with X2 values 
of 0.17 and 0.20, respectively. Parking dust was enriched in PAHs (1,254 and 4,371 ng/mg) relative to new oil stains (531 ± 285 ng/ 
mg; n = 17), old oil stains (200 ± 112, n = 14), and parking background (30 ± 15 ng/mg; n = 5), and it is unlikely that the parking dust 
derived from dry and wet deposition and/or drying oil stain residue as the total PAH concentration decreased with aging of the stains. 
A second similarity cluster was visible in the heat map of X2 values, reflecting the similarity of PAH13 distribution among the dust 
samples. The covered parking dust was similar to the asphalt parking dust (X2 = 0.06). In particular, the covered parking dust most 
resembled the asphalt-paved parking background, and the asphalt-paved parking dust (X2 = 0.05) and coal-tar sealant dust (X2 = 0.05) 
of Van Meter et al. [62]. The similarities between PAH profiles of the covered parking dust and the asphalt-paved parking and coal-tar 
sealant dusts of Van Meter et al. [62] were unexpected. In Van Meter et al.’s [62] study, samples were collected from various parking 
lot locations with environmental conditions (i.e., traffic volume, industrial pollution, and urban sprawl) that differed from those 
surrounding the covered parking structure where dust samples were collected for this study. The similarities between PAH profiles of 
covered parking dust, asphalt-paved parking dust, and coal-tar sealant dust suggest that asphalt pavement and coal-tar sealant were 

Fig. 4. Chi square heat map for the mean distribution of 13 PAHs (see text for list) in all sample groups from the covered parking (new oil stains, old 
oil stains, parking background and parking dust), open parking (parking background and parking dust) and three transportation-related dusts 
derived from Van Meter et al. [62] (marked by an asterisk). Chi square values are shown. 
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the major contributor to PAHs in covered parking dust. The covered parking dust may thus have been greatly derived from sources 
outside the parking structure. In our case, the dust may have originated from a contiguous asphalt-paved and coal-tar-sealed open 
parking lot located north of the concrete structure or from two adjacent asphalt-paved streets and a highway (HW 90) located west, 
south, and east of the concrete structure, respectively. For accuracy, note that HW 90 was positioned ~12 m below the first floor of the 
concrete parking structure. The difference between the distribution of PAHs in oil stains and used oil could be explained by the 
contribution of parking dust to the stains. 

Soon after the deposition of used oil on the parking floor, we observed that dust was trapped by new oil stains that spread on the 
parking floor. The PAH concentrations in the covered parking dust (1,254 and 4,371 ng/mg) were sufficiently high to modify the 
distribution of PAHs in the oil stains. The lowest and highest PAH contents measured in asphalt-paved open parking dust were 21,746 
ng/mg and 136,091 ng/mg, respectively. Coal-tar sealant is a well-known source of PAHs in traffic-related source materials (70,000 
ng/mg) [16], and is at least two orders of magnitude more concentrated than used motor oil. Consequently, a small contribution of 
coal-tar sealant dust or asphalt-paved parking dust can alter the distribution and concentration of PAHs in the covered parking dust and 
oil stains. Transportation-related PAH sources, such as street dust, road asphalt-paved dust, and coal-tar sealant dust, likely 
contributed to the covered parking oil stain PAHs and masked the original used crankcase oil signal. These results reinforce the concept 
that if you have nearby sealant-coated asphalt surfaces and/or asphalt surfaces, the dust derived from these surfaces will prevent the 
characterization of other sources of PAHs [64]. 

We also calculated X2 using vehicle exhaust data from Hu et al. [65] Supplemental Table 4. Because Hu et al. [65] did not report the 
concentration of Bepyr, we used 12 compounds (PAH13 – Bepyr). The X2 values for oil stains and covered parking dust versus vehicle 
exhaust were between 0.91 and 1.61, demonstrating that vehicle exhaust was not a significant contributor to our parking stains and 
parking dust. Wakeham et al. [66] dismissed automobile engine exhaust as a major contributor to street dust PAHs; instead, they 
suggested that asphalt particles might be a major contributor to PAHs in street dust. We expected the contribution of vehicle exhaust 
emission PAHs to parking dust to be small; exhaust-related emission particles have significantly decreased in recent years owing to 
advances in technology and regulation requirements (i.e., the use of catalytic convertors) [67]. 

To investigate tires fragments as a possible source of HMW PAHs in our samples, we calculated X2 values based on a group of 14 
PAHs (PAH14; Bbflu, Bkflu, Bepyr, Bapyr, Perylene [Per], D(a,h)an, Picene [Pic], IP, BghiP, Cor, Dibenzo(a,l)pyrene (D(a,l)pyr), 
Dibenzo(a,e)pyrene (D(a,e)pyr), Dibenzo(a,i)pyrene (D(a,i)pyr) and Dibenzo(a,h)pyrene (D(a,h)pyr)) reported for tires by Sadiktsis 
et al. [67]. The X2 values were >1.4 for all oil stains, parking background, and parking dust samples (Supplemental Table 4), 
demonstrating the absence of similarity between the HMW PAHs distribution of these samples and that of tire particles. X2 was not 
calculated for used oil because many of the 14 HMW PAHs were not detected. 

3.1.2. Natural attenuation 
The processes of natural attenuation, evaporation, water washing, and biodegradation are possible factors contributing to 

Fig. 5. Ratio of sum of LMW PAHs (phenanthrene and anthracene) to the sum of HMW PAHs (fluoranthene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(ghi)perylene and dibenzo(a,h)anthracene) in used 
oils (n = 5), new oil stains (n = 17), old oil stains (n = 14), parking background (n = 1) and parking dust (n = 2). Mean values of these ratios are 
indicated by solid lines. 
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differences in PAH signatures between used oil and parking oil stains and to variability in the abundance of PAHs in parking oil stains. 
In the studied covered parking lot, water availability was limited to water dripping from cars entering the parking structure during 
precipitation events and to the condensation of moisture on the ground when the parking concrete was colder than the dew point. The 
loss of LMW aromatic compounds, including PAHs smaller than phenanthrene and anthracene, from used oil to recent stains indicated 
that evaporation played a role in the attenuation of these compounds. 

The ratios of the sum of LMW parent PAHs (Phe and An) to the sum of HMW parent PAHs (Flu, Pyr, BaAn, Chry, Bbflu, Bkflu, Bapyr, 
IP, BghiP, and D(a,h)An) in used oils, parking oil stains (new and old), and parking backgrounds were compared. The LMW/HMW 
PAHs values were higher for the used oil than for the parking stains and parking backgrounds (Fig. 5). Statistical analysis indicated that 
the decreasing trend in the LMW/HMW PAHs ratios observed with oil aging (from new to old oil stains) was significant (p = 0.001). 
Parking background and parking dust were not included in the statistical analyses of the LMW/HMW PAHs and Phe/An ratios because 
of the small sample size. 

The persistence of PAHs in the environment increases with the number of PAH rings [68,69]. HMW PAHs are more stable and less 
water-soluble than LMW PAHs [70–72]. Consequently, LMW PAHs were more easily attenuated than HMW PAHs. The significant 
decrease in the ratio of LMW PAHs to HMW PAHs from new oil stains to old oil stains indicates the loss of LMW PAHs as the oil stains 
age, possibly because of the conjugated action of attenuation processes, although none of these processes can be considered dominant. 
During wet events, LMW PAHs can be washed off into parking drains. Biodegradation can also be activated if some water remains on 

Fig. 6. (a) Phe/An and (b) Flu/(Flu + Pyr) ratios in the five tested used oils (black circles), used oils measured by Wang et al. [5], Wong and Wang 
[55] and Purell and Quinn [73] blue circles, samples collected from the stains of the covered parking, parking background and parking dust. Mean 
values of these ratios are indicated by solid lines. 
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the stains. We used the Phe/An and Flu/(Flu + Pyr) ratios to differentiate the influence of biodegradation from that of water washing 
(Fig. 6). 

The values of the Phe/An and Flu/(Flu + Pyr) ratios were significantly lower in used oils compared to those obtained for covered 
parking stains and parking backgrounds (p < 0.05; Fig. 6), and parking dust (p was not calculated due to dust sample size, n = 2). The 
Phe/An ratio increased significantly for the old oil stains compared to that for the new oil stains (p = 0.002; Fig. 6a). Both the old oil 
stains and parking background exhibited Flu/(Flu + Pyr) values that were significantly higher than those calculated for the new oil 
stains (Fig. 6b). The mean Phe/An and Flu/(Flu + Pyr) values for the parking dust were lower than those for the parking background 
and old oil stains. 

Each pair of PAHs in these ratios has the same molar mass and physicochemical properties; thus, their predicted environmental fate 
processes should be similar [29]. However, phenanthrene is more soluble than its structural isomer, anthracene [25], and anthracene is 

Fig. 7. Ratios of the sum of methylated PAH concentrations to the sum of their corresponding parent PAHs (a) phenanthrene and anthracene, (b) 
pyrene and fluoranthene, and (c) benzo(a)anthracene, triphenylene and chrysene. Solid lines represent PAH concentration means. 
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more biodegradable than phenanthrene [74]. The Phe/An ratio decreases when washing with water, which is the major process for the 
natural attenuation of PAHs in the environment. In contrast, the Phe/An ratio increases when biodegradation is the dominant process 
during natural attenuation [74]. Additionally, fluoranthene is more volatile and soluble than its isomer, pyrene [24], and is more 
resistant to biodegradation than pyrene [74]. Thus, biodegradation was indicated by an increase in the Flu/(Flu + Pyr) ratio [75]. 
Here, the Phe/An and Flu/(Flu + Pyr) ratios increased significantly between the new and old oil stains (Fig. 6), suggesting that 
biodegradation is an active process of PAH attenuation in the oil stains of the covered parking structure. 

The methylated Phe and An (m/z 192, m/z 206, m/z 220, and m/z 234), methylated Pyr and Flu (m/z 216, m/z 230, m/z 244, and 
m/z 258), and methylated Chry, BaAn, and triphenylene (Trph; m/z 242, m/z 256, and m/z 270) concentrations were measured in the 
used oils and samples collected from the covered parking lot (Fig. 7). In used oil, the mean ratio of the sum of methylated Phe and An to 
the sum of Phe and An was 8.5 ± 2.7 (n = 5; Fig. 7a). In covered parking oil stains, this mean ratio decreased from 3.9 ± 2.1 (n = 16) to 
1.6 ± 2.6 (n = 6) in new and old oil stains, respectively. Similarly, the mean ratio of methylated Pyr and Flu to the sum of Pyr and Flu 
(m/z 202) decreased with age, showing the same trend as that of the mean ratio of methylated Chry, BaAn, and Trph to the sum of Chry, 
BaAn, and Trph (m/z 228) (Fig. 7b and c). 

Some studies have indicated that the rate of PAH biodegradation decreases with increasing levels of alkylation [76–78]. However, 
methylated PAHs are less water-soluble than their corresponding parent PAHs [79] and are expected to be less biodegradable [77]. Our 
results (Fig. 7) indicated that the mean ratio of MPAH/PAH for parking oil stains decreased with age. This decreasing trend is not 
concordant with biodegradation or water-washing mechanisms. The MPAH/PAH ratios were expected to increase with biodegradation 
or water-washing processes. Inconsistencies between the MPAH/PAH ratio and other biodegradation proxies have been observed in 
previous studies. Lee and Kwon [79] stated that the biodegradation rate of 1-methylpyrene by Sphingobium quisquiliarum EPA505 was 
higher than that of pyrene, whereas no difference in the degradation rate was observed between pyrene and 1-methylpyrene by 
S. paucimobilis EPA505, as reported by Dimitriou-Christids et al. [80]. Siddiqui et al. [81] noted that S. paucimobilis, when using 
fluoranthene as a source of carbon and energy, degrades 5-methylchrysene, 7-methylbenzo(a)anthracene and 3-methylfluoranthene 
nearly twice as fast as their unsubstituted parents. Huang et al. [77] reported that the biodegradation of dimethylphenanthrene is 
faster than that of methylphenanthrene. Thus, the decreasing trend in MPAH/PAH ratios with increasing stain age, showing fast 
attenuation of MPAH relative to their parents, may be the result of biodegradation. 

4. Conclusions 

In this study, we investigated the distribution of PAHs in crankcase oil stains of a covered concrete parking structure. The results 
revealed the PAHs profile of crankcase oil stains in a parking facility that had none previously known. While the distribution of PAHs in 
used oil differs from that in samples of oil stains (new and old) collected in the parking spaces, a clear direct link exists between leaking 
crankcase oil and the stains. Unlike used oil, low molecular weight PAHs were not predominant in covered parking oil stains or dust 
samples. The total PAH concentration decreased from used oil (947 ± 404 ng/mg) to new oil stains (531 ± 285 ng/mg) to old oil stains 
(200 ± 112 ng/mg); however, dust samples had a higher concentration of PAHs than oil stains (up to 4,371 ng/mg). In a covered, open, 
concrete parking structure, parking dust receives a significant contribution of PAHs from dust derived from adjacent asphalt surfaces, 
parking, and roadways. This process may be exacerbated by the contribution of the coal-tar-sealed asphalt surfaces. Relative to oil 
stains, parking dust is rich in PAHs, and salting of new oil stains by parking dust has been observed. The PAH13 profiles of new and old 
oil stains were related to that of the covered parking dust where the latter resembles not only the asphalt-paved parking background, 
but also the asphalt-paved parking dust and coal-tar sealant dust (X2 = 0.05). Based on these findings, we suggest the contribution of 
parking dust to oil stains is sufficient to alter the PAH profile of oil stains because it masks the original crankcase oil profile. This study 
confirms that the use of asphalt surfaces in urban environments leads to the spread of PAHs [64,82,83] and that sealed asphalt dust 
contributes to the spread of large quantities of carcinogenic PAHs across urban environments [47,84–86]. 

The significant decrease in the concentration of PAHs from new oil stains to old oil stains (p = 0.001) suggests that natural 
attenuation processes occur in covered parking structures. In addition, increases in the PAH ratios Phe/An and Flu/(Flu + Pyr) suggest 
that biodegradation is active in the covered parking structures. This study has limitations in terms of sample collection, which 
separated oil stains into only two categories. The findings of this study will help inform the design of studies that investigate the 
distribution of PAHs in the oil stains of parking facilities, where oil is the only source of PAHs, in different regions globally. This study 
will also help future efforts to develop management practices that include source and treatment controls to reduce PAH concentrations 
on parking surfaces. 
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