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Abstract
Soil management in urban areas faces dual challenges of 
reducing public exposure to soil contaminants, such as lead 
(Pb) and polycyclic aromatic hydrocarbons, and maintaining 
soil function. This study evaluated three management options 
for an urban lot in Cleveland, OH, containing 185 to 5197 mg 
Pb kg−1 and 0.28 to 5.50 mg benzo(a)pyrene kg−1. Treatment 
options included: (i) cap the site with a soil blend containing 
compost and beneficially reused dredged sediments, (ii) mix 
compost with the soil, and (iii) mix compost and sediments with 
the soil. The soil blend cap reduced surface soil Pb to 12.4 mg 
Pb kg−1 and benzo(a)pyrene content to 0.99 ± 0.41 mg kg−1. 
Aggregate stability for 2- to 0.25-mm aggregates in the soil 
blend cap was 13% compared with the 38% aggregate stability 
in the urban soil. Mixing compost with the soil reduced benzo(a)
pyrene content, but sample variability indicated that elevated 
spots likely remained exposed at the surface. Compost addition 
diluted soil Pb and increased aggregate stability to 60%. Mixing 
compost and sediments with the soil was the only management 
option accomplishing both management goals of reducing 
surface soil contaminants and maintaining soil health. For this 
combined mixing option, aggregate stability was 37%, soil Pb was  
15 mg kg−1, and benzo(a)pyrene was 0.99 ± 0.09 mg kg−1. Food-
grade oil addition did not increase benzo(a)pyrene degradation. 
Future studies should evaluate how incorporating soil blends in 
different soil types with a range of contaminants may offer a suitable 
long-term management option for urban soil contaminants.
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Soils in cities tend to have increased polycyclic aromatic 
hydrocarbon (PAH) and lead (Pb) concentrations rela-
tive to soils sampled from rural areas. When these con-

taminants are encountered, the public and regulators need 
to manage these soil contaminants, particularly since several 
PAHs, including benzo(a)pyrene (BaP), are carcinogenic, and 
Pb is a neurotoxin. Polycyclic aromatic hydrocarbons originate 
from incomplete combustion and could come from a variety of 
sources, including former trash burn piles, automobile exhaust, 
coal residue, or gasoline spills. Lead can originate from several 
sources, including Pb-based paint, leaded gasoline, Pb pipes, his-
toric smelter wastes, and other mining wastes.

Soil background PAH levels can range from 5 to 120 mg kg−1 
in rural areas to 0.06 to 31.2 mg kg−1 in cities (Sims and Overcash, 
1983; Bradley et al., 1994; Saltiene et al., 2002; Rabideau et al., 
2007; Nam et al., 2008; Nathanail and Ogden, 2013). Soil Pb 
is similarly elevated in urban soils. Total soil Pb concentration 
ranged from 20 to 2250 mg kg−1 in Cleveland, OH, and many 
soils were above the 400 mg kg−1 USEPA Pb screening level for 
residential soils (Minca et al., 2013). Twenty percent of soils 
sampled in and around Baltimore, MD, had concentrations 
>421 mg kg−1, and 40% of samples were >150 mg kg−1 (Mielke 
et al., 1983). Twenty-five percent of soil samples collected in 
Oakland, CA, were >150 mg Pb kg−1 (McClintock, 2012). In 
New York City, median soil Pb values were 355 mg Pb kg−1, and 
the mean was 600 mg Pb kg−1 (Cheng et al., 2015).

Managing these contaminants depends on how the concentra-
tions are evaluated with regard to soil screening levels. Screening 
levels for Pb and PAHs are currently established for total concen-
tration and assume the person is in direct contact with bare soil. 
For example, the Ohio Voluntary Action Program (VAP) stan-
dards (OAC 3745-300-08) include several PAHs, including a 
standard of 1.2 mg BaP kg−1 for the residential, direct soil ingestion 
pathway. The USEPA screening levels for BaP carcinogenic effects 
is 0.016 mg kg−1 and for soil ingestion is 0.021 mg kg−1 (USEPA, 
2016). While the current USEPA soil Pb screening level for bare 
soil that children have access to is 400 mg kg−1, the USEPA may 
lower this limit to 150 mg kg−1 (Henry et al., 2015). As indicated 
above, background Pb and PAH concentrations in urban soils can 
be greater than current and proposed soil screening levels.

Abbreviations: BaP, benzo(a)pyrene; PAHs, polycyclic aromatic hydrocarbons; 
POXC, permanganate oxidizable carbon; QuEChERS, Quick Easy Cheap Effective 
Rugged Safe; TEFs, toxicity equivalency factors; UPLC, ultra-performance liquid 
chromatography; VAP, Voluntary Action Program.
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•	 Soil blend incorporation maximized soil health and human 
health benefits.
•	 Soil capping may cover contaminants but reduced surface soil 
aggregate stability short term.
•	 Compost addition maintained surface aggregate stability and 
diluted Pb surface contamination.
•	 Incorporating soil blends offers a potential long-term urban soil 
management solution.
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Although these screening levels are exceeded, multiple 
research studies suggest that PAHs in soil have soil ingestion 
bioaccessibility <50%, and this finding indicates that bioacces-
sibility assessment may be included in site-specific risk assess-
ments rather than relying on total contamination concentration 
only (Ruby et al., 2016). Bioaccessibility refers to the amount 
of contaminant extracted in a laboratory test (in vitro) that can 
be used to estimate the contaminant uptake that would occur 
in an animal study (Ruby et al., 2016). Bioavailability refers to 
the amount of contaminant measured in an animal uptake study 
(in vivo), and this contaminant amount can be described in 
absolute concentration or a concentration relative to a standard 
contaminant material (Ruby et al., 2016). With well-established 
regression equations between bioaccessibility and bioavailability 
data, bioaccessible tests can be used to help predict contaminant 
uptake in a variety of new soils without conducting in vivo stud-
ies for each new soil. A similar approach for managing Pb using 
site-specific data regarding soil Pb bioaccessibility has been pro-
posed by Henry et al. (2015) to identify potential soils where 
standard soil bioavailability assumptions could be modified. 
Adopting bioavailability-based screening levels could reduce the 
amount of soil recommended for complete soil removal. There is 
no universally accepted screening level for total or bioavailable 
Pb or PAHs in soils. Current soil screening levels can vary among 
political boundaries, such as occurs within the northeastern 
United States (Enander, 2014).

While soils in cities may have elevated contaminant concentra-
tions, less disturbed soils in cities may have desirable soil proper-
ties, including reduced bulk densities, higher biological activity, 
and increased soil organic matter (Scharenbroch et al., 2005). 
Management strategies for contaminated urban soils should 
enhance existing soil properties and reduce soil contaminant expo-
sure levels. Some of these strategies could include adding materi-
als to the site, such as composts and noncontaminated soils. Soil 
removal would potentially reduce soil contaminant exposure 
levels without enhancing the existing soil properties that would be 
lost when the soil was removed. Removed soil would also create 
a disposal issue and increase remediation costs for the landowner. 
Research continues into quantifying soil contaminant levels 
within the context of physical, chemical, and biological proper-
ties to more comprehensively evaluate soils (Dawson et al., 2007; 
Volchko et al., 2014; Carlson et al., 2015).

Using soil blends is a management strategy that could poten-
tially accomplish goals of both enhancing soil functions and 
reducing soil contamination (Sloan et al., 2012). Soil blends, 
also known as manufactured soils, can use a variety of materials 
including composts and beneficially reused materials to improve 
soil properties and reduce contaminants (Wallace and Terry, 
1998). For the purposes of this study, a soil blend is defined as 
a mixture of materials intended to function as the topsoil of a 
mineral soil. Depending on their end use, these mixtures can 
contain composts, sand, silt, clay, other mineral soil removed 
from another location, or coarser aggregates (Sloan et al., 2012). 
Improving some soil properties could reduce contaminant 
remediation success, depending on soil contaminant proper-
ties. For example, a well-aggregated, PAH-contaminated soil 
could physically protect PAHs from degradation (Amellal et al., 
2001). Adding organic matter can improve soil properties, but 
this addition can also increase possible sites for PAHs to sorb 

to the organic matter and become less available for degrada-
tion (Alexander, 2000; Cornelissen et al., 2005). This increased 
PAH sorption could decrease PAH bioavailability but would not 
reduce the total PAH contaminant concentration. Depending 
on how soil screening levels are applied to the soil in question, 
the soil would either be fixed (from a bioavailability assess-
ment) or remain a problem (from a total contaminant assess-
ment). This organic matter can also increase sorption sites for 
phosphorus (P) (Withers and Sharpley, 1995) and Pb (Zimdahl 
and Skogerboe, 1977; Basta et al., 2005), and this could reduce 
the likelihood for remediating soil Pb by forming less soluble 
Pb-P minerals, such as chloropyromorphite [Pb5(PO4)3Cl] and 
hydroxypyromorphite [Pb5(PO4)3OH] (Scheckel et al., 2013). 
On some studied soils, compost and P amendments can reduce 
in vitro bioaccessible Pb (Brown et al., 2005; Attanayake et al., 
2014), and decreases are more pronounced with higher extrac-
tion solution pH, such as pH 2.2 or 2.5 compared with pH 1.5 
(Attanayake et al., 2014; Obrycki et al., 2016).

Surfactants can be used to increase PAH availability for 
microbial degradation, including vegetable oils (Yap et al., 2010) 
and Brij 30 (a glycol ether) (Lladó et al., 2013). However, surfac-
tants can sometimes reduce the populations of beneficial micro-
organisms needed for PAH degradation (Lladó et al., 2013). 
Additionally, oil treatments have been evaluated using a range 
of methods, including column extractions, batch processing, and 
slurry reactors, on both spiked and field-contaminated soils (Yap 
et al., 2010). Oil addition to field-contaminated soils in non-
slurry situations was not identified by Yap et al. (2010) as a previ-
ously studied treatment option. Oil addition for enhanced PAH 
degradation is an ongoing field of study that requires additional 
testing and validation (Yap et al., 2010). The study presented 
here provides useful data for oil addition on field-contaminated 
urban soils as a potential method to reduce PAH concentrations.

Remediating soils in urban areas consists of treating smaller 
parcels of land, such as a residential yard. Several manage-
ment options exist, including (i) using a soil blend as a capping 
mechanism, (ii) mixing compost into the soil, (iii) mixing soil 
blends into the soil, or (iv) complete soil removal. When asked 
about their acceptance for soil capping, the public indicated 
lower levels of acceptance for this option compared with other 
treatment options (Obrycki et al., 2017). Both the public and 
regulators were willing to consider bioavailability adjustments 
for contaminants (Obrycki et al., 2017). Complete removal of 
the topsoil from the yard for ex situ treatment is likely not fea-
sible for the landowner or cost effective for all parcels above soil 
screening levels. This option would also eliminate any existing 
beneficial soil properties, such as increased organic matter and 
aggregate stability that can occur in undisturbed urban soils.

Given the widespread occurrence of Pb and PAHs as urban 
soil contaminants, this project evaluated treatment practices that 
could be implemented by the public to reduce soil contaminant 
hazards in yard soils. The three practices included: (i) applying a 
surface cap of sediment + compost, (ii) mixing compost directly 
into the soil, and (iii) mixing both sediment and compost into the 
soil. This study combined soil remediation and soil health research 
using beneficially reused Lake Erie harbor sediment from the 
Cleveland harbor, an urban soil from Cleveland, and readily acces-
sible composts. Food-grade vegetable oil was evaluated as an extra 
substrate for microbial activity and a PAH surfactant agent. This 
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study provides novel research regarding the suitability of acces-
sible soil management options for widespread soil contaminants 
in urban areas to address soil contaminant and health properties.

Materials and Methods
Soil and Sediment Materials

Dredged sediments came from confined disposal facilities in 
Cleveland. Two sediment materials were used: Sediment A, col-
lected from a location expected to have higher PAH concentra-
tions, and Sediment B, collected from an area where PAH levels 
were anticipated to be lower. Existing data collected by the opera-
tors of the confined disposal facilities informed these sampling 
locations. Previously collected preliminary data indicated that the 
harbor sediment had pH 7.4, sandy loam texture, 28 mg Pb kg−1, 
and individual PAH concentrations ranging from 200 to 1000 
mg kg−1. The soil material was collected from a residential yard in 
Cleveland. This site consisted of adjacent vacant lots from build-
ing demolitions comprising 683 m2 (7350 ft2). Preliminary sample 
analysis indicated that soil contained 600 to 700 mg Pb kg−1 and that 
one location had 5197 mg Pb kg−1. Soil had a silt loam texture and 
individual PAH concentrations between 2000 and 4000 mg kg−1. 
Two compost materials were used. Compost A was a biosolids mix 
(“ComTil”) produced by the City of Columbus containing com-
posted biosolids, yard waste, and wood chips. Compost B was a 
mixture of manure, coffee grounds, and yard waste processed by 
Price Farms Organics. Presented tables denote Compost A as “bio-
solids” and Compost B as “manure.” The City of Columbus biosol-
ids is exceptional quality and is managed following USEPA Part 
503 regulations and Ohio Administrative Code (2016) (OAC) 
3745-50. Price Farms Organics is an Ohio EPA licensed class 2 
composting facility and meets standards for compost products, as 
outlined by OAC 3745-560-230. Supplemental Table S1 includes 
nutrient and contaminant analysis provided by the suppliers.

Soil Treatments
The components were mixed together to evaluate three 

treatment options: (i) creating a surface cap of sediment + com-
post, (ii) adding compost to the soil, and (iii) incorporating 
compost and sediments into the soil (Table 1). Each treatment 
option was evaluated in separate containers. This study design 
screened a range of amendment combinations to identify possi-
ble treatments for further evaluation. Components were added 
on an equal-volume basis using a measured scoop. Rates were 
intended to reach an approximate 1:1 soil–sediment:compost 
ratio, except for the combined incorporation option that used 
equal volumes of all three source components (soil, sediment, 
and compost). Dry weight mixing ratios are included in Table 1. 
This combined treatment option used equal volumes of sedi-
ment A and B and compost A and B to evaluate a compre-
hensive mixture of all components. Treatments included an 
oil-added option to evaluate the potential of food-grade veg-
etable oil to enhance PAH degradation. Food-grade vegetable 
oil, as purchased from grocery stores, is a publicly available 
soil blend component; however, the economics of widespread 
oil addition were not directly considered by this study. Food-
grade vegetable oil application rates were informed by Yap et 
al. (2010), who identified previous studies adding oil at a 1 to 
5% mass ratio to soils when trying to degrade PAHs in soils. 

Soil chemical and biological properties were also compared 
between oil and non-oil treatments to evaluate if the oil addi-
tion affected soil treatments beyond affecting PAH concen-
trations only. Mass data in Table 1 are presented on a 105°C 
oven-dried soil basis to account for the water mass in compost.

Soils were mixed by hand and incubated for 21 wk (October 
2015–March 2016) in a laboratory. Weekly, soils were watered 
with deionized water and stirred by hand. Soils were watered to 
maintain approximately 30 to 40% gravimetric moisture content. 
Soils were allowed to dry between the weekly watering occur-
rence to simulate wetting and drying cycles that might occur in 
a field setting. After the 21-wk incubation process, soils were air 
dried and sieved to <2 mm. Containers had a capacity of 13.25 L 
and were 29.21 cm wide, 38.74 cm deep, and 18.42 cm tall. After 
the 21-wk incubation, three subsamples from each container 
were evaluated for soil properties, including soil Pb analysis, and 
two subsamples were evaluated for PAHs to generate an estimate 
for the individual container. The number of subsamples were 
selected to provide additional information about the range of 
measured soil properties for each container. The number of PAH 
subsamples were lower due to the cost of PAH analysis relative to 
the other measured soil properties. When individual container 
results are presented, the average of the subsamples is reported 
with a standard error of the mean. To avoid pseudoreplication, 
statistical analysis was not performed among individual con-
tainers and was only performed when multiple containers were 
grouped together and compared with other container groups.

Evaluated Soil Properties
For physical properties, soil texture (Kettler et al., 2001) and 

aggregate stability for 2.0- to 0.25-mm aggregates (Moebius-
Clune et al., 2016) were evaluated. Tested biological properties 
included organic carbon (C) (Heanes, 1984), permanganate 
oxidizable carbon (POXC, referred to as active C) using the 
recommended 2.5-g soil (Weil et al., 2003), and 4-d soil C min-
eralization (respiration) (Moebius-Clune et al., 2016). Chemical 
properties included pH (1:1 soil:water ratio) and Mehlich-3 
extractable elements (Mehlich, 1984). Organic C extraction 
used a CEM-MARS 5 (CEM Corporation) and was quanti-
fied with a Genesys 10 spectrophotometer (Thermo Electron 
Corporation) set at 600 nm. Active C was quantified using the 
same spectrophotometer set at 550 nm. Soil nutrient extracts, 
including soil Pb, were analyzed using ICP-OES (Varian 720). 
Quality control for the ICP-OES included blanks, blank spikes, 
composite dilution, composite spikes, and check standards. Soil 
pH was measured using an accumet pH probe (Fisher Scientific) 
that was calibrated in pH 2.0, 4.0, 7.0, and 10.0 standards. 
Mehlich-3 soil Pb values estimated total Pb using the regression 
equation from Minca et al. (2013) for soils with concentrations 
of 0 to 1200 mg Pb kg−1. This regression equation was developed 
using soils primarily from Cleveland and correlated total soil Pb, 
as determined using acid digestion (USEPA Method 3051a) and 
the Mehlich-3 extracting solution. Because the contaminated 
soil was collected from the same region, the regression equation 
was used to estimate total soil Pb.

PAH Assessment
Selected soil samples were analyzed for PAHs by ALS 

Environmental (Cincinnati, OH), using USEPA Method 8270 
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(USEPA, 2014). Polycyclic aromatic hydrocarbons were also 
evaluated using the Quick Easy Cheap Effective Rugged Safe 
(QuEChERS) method using acetonitrile as the extracting solu-
tion following Thermo Scientific Application Note 20677 
(Khan, 2014). Five grams of 105°C oven-dried, 2-mm sieved 
soil, 5 mL of deionized water, and 10 mL of acetonitrile (Fisher 
Scientific, CAS 75-05-8) were combined in a 50-mL centrifuge 
tube. Solution was shaken and vortexed. Next, 4 g of MgSO4 and 
1 g NaCl were added and the solution was shaken for 10 min 
and centrifuged for 10 min at 2500 rpm. Supernatant (1 mL) 
was transferred to the dispersive solid phase extraction cleanup 
tubes, shaken for 5 min, vortexed, and centrifuged again at 8000 
rpm. Approximately 0.6 mL of the supernatant was transferred 
to 2-mL glass vials. Each incubation treatment was evaluated in 
duplicate. Samples were analyzed in batches of 10 vials for ease 
of sample handling.

Samples were analyzed using an Ultra-Performance Liquid 
Chromatography (UPLC) Waters Acquity H-Class 1200 
(Waters Corporation, H-Class) with a Waters ACQUITY 
BEH Shield RP18 2.1-mm ´ 150-mm (part no. 186003376) 
column. Sample gradient consisted of HPLC-grade acetonitrile 
(Fisher Scientific, CAS 75-05-8) and HPLC-grade deionized 
water (Fisher Scientific, CAS 7732-18-5). Instrument settings 
followed Waters Polynuclear Aromatic Methods 550.1, 610, 
and 8330 (Waters Corporation, 2016). Analytical conditions 
included a column temperature of 45°C, an injection volume of 
2 mL, and a flowrate of 0.6 mL min−1. Data were collected and 
quantified using Empower 3 software (Waters Corporation, 
2010). Photodiode array data were collected at 254 nm and 
fluorescence detection data were gathered at timed excitation 
and emission wavelength changes. The following 15 PAHs were 
characterized: acenphthene, anthracene, benzo(a)athracene, 

BaP, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)flu-
oranthene, chrysene, dibenz(a,h)perylene, fluoranthene, fluo-
rene, indeno(1,2,3-cd)pyrene, naphthalene, phenanthrene, and 
pyrene. Retention times were compared across samples to ensure 
similar peak identification.

Calibration standards were made using a stock of 10 mg mL−1 
for each PAH in acetonitrile (AccuStandard, drug identifica-
tion no. 38414-23 PAHs). Check standards were made diluting 
a 0.5-mg mL−1 BaP standard (AccuStandard, M-8310-FL-05). 
Individual standards for all 15 analyzed PAHs at a 0.5-mg mL−1 
concentration (AccuStandard) verified peak retention times 
during initial method testing. Blanks and spiked samples evalu-
ated the extraction technique and recoveries.

Data were analyzed using Minitab (Minitab, 2010) and 
Microsoft Excel 2010. Paired t tests compared treatment effects 
(oil vs. non-oil amended, Compost A vs. Compost B, Sediment 
A vs. Sediment B). Toxicity equivalency factors (TEFs) relative 
to BaP (Nisbet and LaGoy, 1992) were calculated for the urban 
soil samples sent to ALS Environmental.

Results and Discussion
Soil Physical Properties

When compared with untreated controls, soil management 
options altered soil physical, chemical, and biological properties. 
Surface-capping treatments reduced surface soil aggregate stabil-
ity from 38% in the control urban soil to 13 ± 3%. Sediments 
A and B were predominantly sand (Table 2) and had 1 and 5% 
aggregate stability, respectively. According to the aggregate sta-
bility test methods, all sand particles >250 mm are not counted 
as stable aggregates. In contrast, the urban soil control contained 
36% silt, 10% clay, 5.4% soil organic C, and 38% 2- to 0.25-mm 
stable aggregates. Across all four treatments, the compost-treated 

Table 1. Soil treatment options, including capping, composting, and incorporation.

Treatments‡ Compost Oil Soil† Compost† Oil Soil:compost 
mass ratio

Soil:oil mass 
ratio

Soil:compost 
volume ratio

————————— g —————————
 Capping
  SA A (biosolids) None 6356 720 8.8 1:1
  SA A + 6381 662 406 9.6 15.7 1:1
  SA B (manure) None 6382 534 12.0 1:1
  SA B + 6254 589 390 10.6 16.0 1:1
  SB A None 5305 939 5.6 1:1
  SB A + 5536 912 380 6.1 14.6 1:1
  SB B None 5543 550 10.1 1:1
  SB B + 5204 676 347 7.7 15.0 1:1
 Compost addition only
  Soil None None 3331
  Soil A None 3473 886 3.9 1:1
  Soil A + 3198 798 270 4.0 11.8 1:1
  Soil B None 3198 685 4.7 1:1
  Soil B + 3207 599 240 5.4 13.4 1:1
 Incorporating capping into soil
  SA + SB + Soil A + B None 3243 3012 § § 1:1:1§
  SA + SB + Soil A + B + 3251 2934 339 § § 1:1:1§

† Expressed on an oven-dried basis.

‡ Materials used were Sediment A (SA), Sediment B (SB), and soil-urban soil.

§ For the combined-treatment scenario, this compost addition included equal parts Compost A, Compost B, Sediment A, and Sediment B. Given this 
combined addition, the ratios were not calculated.
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urban soils increased aggregate stability to an average of 60 ± 
5%. If other materials were used for the soil-capping treatment, 
surface soil aggregate stability could be increased. When using 
soil capping as a treatment, evaluations should include these 
physical soil properties, as opposed to soil contaminants only, to 
identify potential soil physical limitations.

Three experimental factors may have reduced aggregate for-
mation across all the treatments. First, soils were mixed each 
week, and this mixing action could have disrupted aggregate 
stability that may have occurred if these treatments were applied 
in an outdoor environment and were undisturbed. Second, incu-
bation containers were not allowed to drain, and this reduced 
drainage caused salts to remain within the soil rather than be 
washed out, as would more likely occur in an outdoor applica-
tion setting. These salts, particularly sodium (Na) if it were pres-
ent in high quantities, could have reduced aggregate formation. 
Third, the 21-wk incubation period was not necessarily a suf-
ficient length of time for aggregates to form in the sediments, 
as established soil structure in dredged-sediment amended soils 
might not occur for up to 30 yr (Schneider and Schröder, 1995).

Soil Biological Properties
As expected, the compost within the soil treatments increased 

soil biological activity, as indicated by active C, respiration, and 
organic C (Table 2). For example, active C measurements across 
Sediment A treatments were 510 ± 36 mg POXC kg−1, a 17-fold 
increase over the Sediment A control. Sediment B treatments’ 
active C measurements were 695 ± 67 mg POXC kg−1, a 4.6-fold 
increase over the Sediment B control. Urban soil active C was 
934 ± 19 mg POXC kg−1, a 1.8-fold increase over the soil con-
trol. Organic C was 1.3 ± 0.4% lower in the non-oil treatments 
compared with the oil treatments (p < 0.0005). Oil treatments 

had respiration values 1.4 ± 0.7 mg CO2 g−1 higher than the 
non-oil treatments (p = 0.001). Active C did not differ between 
oil and non-oil groups (p = 0.146).These findings suggest that 
the permanganate extraction was not extracting the added oil C, 
but soil microbes were able to access the added oil C.

Soil Chemical Properties
Soil pH remained within ±1 pH unit of control soils  

(pH 7.62 standard units for Sediment A, 7.54 standard units 
for Sediment B, and 6.82 standard units for urban soil) (Table 
2). Sediment A and sediment B tended to have sufficient plant 
nutrients, as measured by Mehlich-3 and compared with gen-
eral crop recommendations (Table 3). For brevity, results from 
oil-added treatments are not shown. Sediment A and B controls 
could be limited in potassium because concentrations were below 
the 88-mg kg−1 critical soil test threshold for several crops in the 
Ohio region (Vitosh et al., 1995). Phosphorus in Sediments 
A and B was above the 15-mg kg−1 critical value for corn (Zea 
mays L.) and soybean [Glycine max (L.) Merr.] in the Ohio 
region, but Sediment A was below the 25-mg kg−1 critical value 
for wheat (Triticum aestivum L.) and alfalfa (Medicago sativa L.) 
production (Vitosh et al., 1995). Micronutrients were sufficient 
for copper, manganese, and zinc when compared with soil test 
recommendations (Table 3). The micronutrient recommenda-
tions from Vitosh et al. (1995) were developed using more acidic 
extractions (0.1 or 1.0 M HCl) than the Mehlich-3 test used in 
this study. Compost addition increased nutrient values above 
recommendations, except for copper (Table 3). The urban soil 
control did not have limiting nutrients for plant growth and sup-
ported lawn cover prior to site sampling. Although Sediments 
A and B tended to have sufficient Mehlich-3-extractable nutri-
ents, the high concentration of sand in both sediments and the 

Table 2. Soil health test results for treatment options.

Treatments Texture pH
(1:1) Active carbon Respiration Organic carbon Stable

aggregates‡
% sand; % clay standard unit mg POXC† kg−1 mg CO2 g−1 —————— % ——————

Capping
 Sediment A (SA) 95; 1 7.62 ± 0.1 30 ± 17 0.1 ± 0.0 0.6 ± 0.0 1
 SA + Compost A (biosolids) 7.33 ± 0.1 411 ± 12 0.4 ± 0.2 2.6 ± 0.2 10
 SA + Compost A + oil 7.91 ± 0.1 544 ± 10 2.6 ± 0.2 4.1 ± 0.0 15
 SA + Compost B (manure) 8.02 ± 0.1 580 ± 9 0.7 ± 0.0 1.9 ± 0.1 4
 SA + Compost B + oil 7.82 ± 0.1 503 ± 8 1.8 ± 0.1 4.1 ± 0.3 8
 Sediment B (SB) 85; 4 7.54 ± 0.1 151 ± 16 0.2 ± 0.1 0.9 ± 0.0 5
 SB + Compost A 7.53 ± 0.1 814 ± 11 0.9 ± 0.0 3.0 ± 0.2 17
 SB + Compost A + oil 8.23 ± 0.1 516 ± 16 2.5 ± 0.0 4.0 ± 0.1 31
 SB + Compost B 7.66 ± 0.1 777 ± 17 0.9 ± 0.1 3.7 ± 0.1 9
 SB + Compost B + oil 7.66 ± 0.1 673 ± 90 2.3 ± 0.1 4.9 ± 0.1 12
Compost addition only
 Urban soil 54; 10 6.82 ± 0.1 506 ± 4 0.8 ± 0.0 5.4 ± 0.0 38
 Soil + Compost A 6.90 ± 0.1 934 ± 22 1.4 ± 0.0 11.1 ± 0.1 57
 Soil + Compost A + oil 6.96 ± 0.1 904 ± 19 2.8 ± 0.1 12.3 ± 0.1 68
 Soil + Compost B 7.14 ± 0.1 989 ± 30 2.4 ± 0.1 11.1 ± 0.2 48
 Soil + Compost B + oil 7.06 ± 0.1 910 ± 13 2.6 ± 0.1 12.0 ± 0.2 67
Incorporating Cap Into Soil
 All components 7.06 571 ± 15 1.0 ± 0.1 4.4 ± 0.1 31
 All components + oil 7.22 465 ± 9 3.1 ± 0.1 5.4 ± 0.1 43

† POXC, permanganate oxidizable carbon.

‡ 2- to 0.25-mm aggregates.
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associated reduced water holding capacities would likely be 
primary causes for reduced plant growth prior to any potential 
nutrient limitations. Comparing treatments with and with-
out oil paired by soil–sediment and compost type, Mehlich-3 
P was 236 ± 120 mg kg−1 higher in the non-oil incubations  
(p = 0.002). This reduction in available P could be explained by 
the increased microbial P in the oil-treated systems, since respira-
tion rates were higher in oil-treated systems.

Soil Contaminant Properties: Pb
All treatment options reduced soil Pb below the USEPA soil 

screening level of 400 mg kg−1. Across all soil-capping options, 
estimated total soil Pb using Mehlich-3 Pb was 8 ± 1 mg kg−1. 
The incorporation treatment resulted in 9 ± 2 mg Pb kg−1. 
Compost mixed into the soil resulted in 196 ± 33 mg Pb kg−1. 
Of the three tested management options, soil capping and incor-
porating soil blend components reduced soil Pb hazards the 
greatest amount. The compost addition only resulted in soils 
with estimated total soil Pb concentrations above the suggested 
150-mg Pb kg−1 screening level for bare residential soils (Henry 
et al., 2015). One potential explanation for Pb values being 
reduced further than suggested by either volumetric or mass 
mixing ratios could be due to pH changes within the Mehlich-3 
extracting solution. If treated soils increase the Mehlich-3 solu-
tion pH, the solution could extract less Pb. A second explana-
tion is that the added compost and associated compost P could 
have reduced soil Pb bioaccessibility. There is a need to identify 
the range of soil pH and soil Pb values for which rapid screen-
ing using common soil tests can be used. Soil blend components 
must also be evaluated for soil Pb concentrations, since Compost 
A and Compost B had different Pb levels, 38 and <10 mg kg−1, 
respectively (Supplemental Table S1).

PAH Extraction Quality Control
Recoveries for BaP blank spikes were between 82 and 

122% across tested concentrations from 5 to 0.005 mg L−1. 
Photodiode array results were able to detect these blank spikes at  

0.01 mg BaP  L−1 with 84 to 97% accuracy. These 0.01-mg BaP  L−1 

recoveries demonstrated quality control acceptance criteria as 
outlined by USEPA 8100 (USEPA, 1986). Sand spiked with 
10 mg mL−1 of the 15 PAHs resulted in 39% recovery for acen-
phthene, 80% for diben(a,h)perylene, and 129% for anthracene. 
All recoveries for the other 12 evaluated PAHs were between 88 
and 122%. Spike recovery for BaP in the 15-PAH mix was 98%.

Soil Contaminant Properties: PAHs
Unamended urban soil samples collected from five locations 

in the yard were analyzed by ALS Environmental (Table 4). 
Sample locations 1 and 2 were previously located beneath a 
building, and the surface soil collected likely represented fill soil 
used postdemolition. Samples 3, 4, and 5 were collected from 
the historic yard area. The soil collected for use in the treatment 
experiment was collected from this historic yard area. Calculated 
TEFs ranged from 0.77 to 7.44 mg kg−1, and all BaP concentra-
tions were above the USEPA screening level of 0.016 mg kg−1.

These same soil samples were extracted using the QuEChERS 
method (Table 5). Benzo(a)pyrene demonstrated similar extrac-
tion efficiencies across all five samples, with an average extrac-
tion efficiency of 0.62 ± 0.03. Most PAHs detected across all 
urban soil samples resulted in less-reproducible extraction ratios 
at the lower PAH concentrations seen in urban soil samples 1 
and 2. Benzo(a)anthracene had similar extraction efficiencies  
(0.61 ± 0.02) to BaP.

Estimated total BaP concentrations were compared across 
each management option (capping, compost, or incorporated) 
(Table 6). Paired t tests indicated no differences in BaP con-
centrations between oil and non-oil treatments (p = 0.256), 
Compost A and B treatments (p = 0.179), or Sediment A and 
B treatments (p = 0.46). Adding oil was not shown to increase 
BaP degradation when compared with the same treatments with-
out oil. Results suggest soil capping and soil compost incorpora-
tion had similar effects on estimated total BaP (p = 0.50). Soil 
incorporation generated similar BaP results to surface capping,  
0.99 ± 0.09 and 0.99 ± 0.41 mg kg−1, respectively. Both values 

Table 3. Mehlich-3-extractable nutrients and lead (mg kg−1) for treatment options.

Treatments Ca Cu Fe K Mg Mn P Pb Zn
———————————————————————— mg kg−1 ————————————————————————

Capping
 Sediment A (SA) 978 ± 56 8 ± 0 223 ± 10 49 ± 8 80 ± 1 47 ± 1 20 ± 1 5 ± 0 13 ± 1
 SA + Compost A (biosolids) 1847 ± 96 5 ± 0 193 ± 0 465 ± 44 248 ± 12 24 ± 1 603 ± 22 4 ± 0 57 ± 2
 SA + Compost B (manure) 1930 ± 61 5 ± 0 112 ± 3 888 ± 54 248 ± 6 27 ± 1 189 ± 4 3 ± 0 20 ± 1
 Sediment B (SB) 1967 ± 22 11 ± 0 292 ± 5 64 ± 2 129 ± 1 56 ± 1 30 ± 0 7 ± 0 18 ± 2
 SB + Compost A 2691 ± 42 6 ± 0 289 ± 3 510 ± 11 273 ± 5 35 ± 0 715 ± 8 6 ± 0 71 ± 1
 SB + Compost B 2656 ± 55 6 ± 0 219 ± 5 930 ± 5 250 ± 1 40 ± 1 179 ± 2 6 ± 0 23 ± 1
Compost Addition Only
 Urban soil 2185 ± 12 27 ± 0 243 ± 2 308 ± 8 242 ± 2 29 ± 0 427 ± 1 228 ± 1 103 ± 0
 Soil + Compost A 2824 ± 173 9 ± 0 241 ± 3 1028 ± 4 445 ± 4 38 ± 0 900 ± 24 89 ± 3 127 ± 4
 Soil + Compost B 2564 ± 15 13 ± 0 193 ± 2 1799 ± 12 450 ± 3 45 ± 0 429 ± 1 152 ± 1 97 ± 1
Incorporating Cap Into Soil
 All components 2465 ± 10 14 ± 0 264 ± 0 632 ± 4 257 ± 3 47 ± 0 492 ± 4 4 ± 1 78 ± 1

Reference soil test sufficiency values 20† 1‡ 88–150† 50‡ 24† 15 and 25† 12†

† Reference values taken from Vitosh et al. (1995). Values for Cu, Mn, and Zn are the highest reported values in the associated fertilizer recommendation 
tables. Ranges for K depend on soil cation exchange capacity, and p-values are for two different crop types.

‡ Reference values taken from Zhang et al. (2017). Values included in the table are reported as the lowest concentrations that indicate potential 
insufficient micronutrients.
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were below the 4.27 ± 0.99 mg kg−1 in the urban soil control. This 
estimate for total BaP concentration aligned with the average 
BaP concentration for the area where the bulk soil was collected, 
as indicated by the concentration of 4.23 ± 0.72 mg BaP kg−1 

for urban soil samples 3 through 5 (Table 4).
The compost addition to the urban soil generated larger BaP 

variation compared with the other treatments, and this high-
lights the potential for uneven dilution effects when composts 
are added to contaminated surface soils. With soil capping, the 

contaminated soil is more fully covered. Soil blend incorpora-
tion provided a greater volume of material for mixing and pos-
sibly diluting surface soil contaminants compared with adding 
compost alone.

Combined Soil Health and Contaminant  
Management Implications

Of the tested management options for this study’s materi-
als—(i) soil capping with sediment and compost, (ii) compost 

Table 4. Polycyclic aromatic hydrocarbons (PAH) concentrations in five urban soil samples.†

PAH Urban soil 1 Urban soil 2 Urban soil 3 Urban soil 4 Urban soil 5

————————————————————— mg kg−1 —————————————————————
Acenaphthene ND‡ ND ND ND ND
Acenaphthylene ND ND ND ND ND
Anthracene ND ND ND 1100 1600
Benzo(a)anthracene 430 270 2900 4300 5800
Benzo(a)pyrene 440 280 3000 4200 5500
Benzo(b)fluoranthene 570 400 4200 5700 7500
Benzo(k)fluoranthene 270 200 1500 2100 3000
Chrysene 460 310 3100 4400 5800
Dibenzo(a,h)anthracene 200 200 200 200 200
Indeno(1,2,3-cd)pyrene 280 200 1900 2600 3700
Benzo(g,h,i)perylene 290 ND 1900 2600 3500
Carbazole ND ND ND ND ND
Dibenzofuran ND ND ND ND ND
Fluoranthene 840 540 5500 8000 11,000
Fluorene ND ND ND ND ND
Naphthalene ND ND ND ND ND
Phenanthrene 540 270 3100 6000 6700
Pyrene 690 430 4600 6600 9200
Surrogate recovery: 2-fluorobiphenyl (%) 68.3 64.5 66.9 61 60
TEF, mg kg−1§ 0.77 0.57 4.12 5.69 7.44

† Samples were analyzed by ALS Environmental (Cincinnati, OH) using USEPA 8270.

‡ ND, not detected; detection limits for the ND samples are 200 mg kg−1.

§ TEF, toxicity equivalency factors calculated by multiplying the USEPA priority PAH concentrations by

the following factors: benzo(a)pyrene ´ 1, benz(a)anthracene ´ 0.1, benzo(b)fluoranthene ´ 0.1,

benzo(k)fluoranthen ´ 0.01, chrysene ´ 0.001, dibenz(a,h)anthracene ´ 1, indeno(1,2,3-c,d)pyrene ´ 0.1.

Table 5. Recovery fractions for five urban soil samples between acetonitrile extraction divided by certified analytical lab data.†

Polycyclic aromatic hydrocarbons Urban soil 1‡ Urban soil 2 Urban soil 3 Urban soil 4 Urban soil 5 Average
Acenphthene § § § § § §
Anthracene § § § 0.22 § §
Benzo(a)anthracene 0.56 0.67 0.54 0.60 0.65 0.61
Benzo(a)pyrene 0.66 0.71 0.53 0.54 0.65 0.62
Benzo(b)fluoranthene 1.14 1.21 0.76 0.75 0.87 0.95
Benzo(g,h,i)perylene 0.78 § 0.55 0.52 0.34 §
Benzo(k)fluoranthene 0.81 § 0.60 0.61 0.65 §
Chrysene 0.82 0.98 0.70 0.68 0.78 0.79
Dibenz(a,h)perylene § § § § § §
Fluoranthene 2.19 1.07 2.21 2.32 2.61 2.08
Fluorene § § § § § §
Indeno(1,2,3-cd)pyrene 1.40 1.53 0.98 0.94 0.68 1.11
Naphthalene § § § § § §
Phenanthrene 2.09 1.01 1.95 1.66 § §
Pyrene 1.68 1.21 0.76 1.83 1.04 1.30

† Samples were analyzed by ALS Environmental (Cincinnati, OH) using USEPA 8270C.

‡ Each acetonitrile extraction sample was injected twice into the instrument and values averaged. Values reported for urban soil 1 are from the second 
injection only, due to an instrument error with the first injection.

§ Not computed since samples were not detected by at least one of the analytical laboratory or the acetonitrile extraction.



Journal of Environmental Quality 427

addition, and (iii) incorporating sediment and compost into 
the urban soil—only option (iii) reduced soil contaminant 
exposure and maintained soil health, as measured by reduced 
Pb and PAH contaminant concentrations, and by maintaining 
soil organic C values and soil aggregate stability. Oil addition 
was not shown to increase soil BaP degradation in these field-
contaminated soils using approximately 6.4 to 8.5% oil addition 
on an oven-dry soil mass basis. Blend incorporation gener-
ated similar soil health data to the control urban soil, reduced 
Mehlich-3-extractable Pb below 150 mg kg−1, and did not 
increase estimated total BaP concentration above the capping-
only option. The incorporation management option added 
sand and compost to the soil, and the sand would allow for lon-
ger-term surface soil Pb and PAH dilution as compost would 
degrade over time. The incorporation option BaP concentration 
was 0.99 ± 0.09 mg kg−1, and this value was above the USEPA 
soil screening level of 0.016 mg kg−1 and below the Ohio VAP 
soil screening level of 1.2 mg BaP kg−1. This finding raises ques-
tions about how regulators may apply soil screening criteria to 
soil blends demonstrating reductions below site-specific PAH 
background data when levels are between existing screening 
levels. Regulatory soil screening levels and site-specific measure-
ments should be compatible to promote sound management of 
soil resources.

Soil blends may be suitable if bioavailability-based standards 
are applied or if different soil hazards are evaluated for soil 
blends. As demonstrated by Attanayake et al. (2015), soil PAH 
bioavailability to plants may result in concentrations below levels 
of concern in the vegetables. Further, Ruby et al. (2016) identi-
fied soil PAH bioavailability being below an assumed 100% bio-
availability due to soil and contaminant properties. The methods 
used to evaluate soil blend suitability for remediating urban soils 
remains an open area of research to resolve these situations, in 
which a blend reduces the initial soil PAH concentration but 
remains above soil screening levels.

Other metrics used to evaluate soil blend efficacy could 
include reduced soil dust hazards caused by robust groundcover 
growth. In combination with quantifying reduced dust hazards, 
researchers can also characterize how much soil Pb or PAHs are 
taken up into the groundcover. This metric may be of particu-
lar interest if the groundcover includes edible plants. The rate of 
contaminant uptake depends on soil contaminant concentra-
tions, soil properties, and the plant of interest. Plants grown in 
soils and composts containing Pb and PAHs might not accumu-
late contaminants above regulatory levels of concern, although 
variation can occur among plant types (Attanayake et al., 2015). 
Phytoavailability of Pb is a concern for root vegetables, such as 
radish (Raphanus sativus L.), potatoes (Solanum tuberosum L., 
Ipomoea batatas L.), and carrots (Daucus carota L. var. sativus 
Hoffm.), and leafy green vegetables, such as lettuce (Lactuca 
sativa L.), grown in soils with elevated soil Pb. In a study con-
ducted on three soils with increasing levels of contamination, 
the Pb uptake for these plants of concern was the highest in the 
most contaminated soil. The most contaminated soil had a mean 
of approximately 1000 mg Pb kg−1, although the sample values 
ranged up to 11,000 mg Pb kg−1(Samsøe-Petersen et al., 2002).

Phytoavailability of BaP is a concern for root vegetables and 
leafy green vegetables grown in highly contaminated soils. In the 
same study, these crops were grown in soils containing a mean of 
15 mg BaP kg−1 of soil (range: 1.4–160 mg BaP kg−1 soil) (Samsøe-
Petersen et al., 2002). Carrots and lettuce grown in soils with lower 
BaP levels (e.g., <1.0 mg BaP kg−1) did not accumulate large amounts 
of BaP (Wild and Jones, 1992; Samsøe-Petersen et al., 2002).

While plant uptake of Pb and BaP can occur in these situations, 
more Pb contamination of foods occurs from soil particle splash 
and transfer onto the food (McBride et al., 2013, 2014; Attanayake 
et al., 2014) Thoroughly washing vegetables removes the soil par-
ticles and reduces exposure to soil Pb (Attanayake et al., 2014). 
Washing might not be sufficient for carrots grown on historically 
lead arsenate-treated soils that took up Pb into plant tissues and 
not just on the peel surface (Codling et al., 2015). If someone is 
in a situation in which plant uptake of Pb or BaP is of a concern, 
they could grow crops other than leafy greens and root vegetables. 
However, there are contaminated soils in which gardens should not 
be grown. Some of the soils included in the Samsøe-Petersen et al. 
(2002) study would present much larger health hazards from direct 
soil ingestion than from plant uptake. No one should be gardening 
or working on a soil in an urban area with 11,000 mg Pb kg−1 of soil.

Soil contaminant properties affect how well soil blends 
reduce or remediate the soil hazard. As an element, Pb cannot be 
degraded. Soil blends could potentially alter soil solution chem-
istry to form less-soluble Pb minerals in situ using P amend-
ments, such as monoammonium phosphate, diammonium 
phosphate, or triple super phosphate, although the efficacy of 
this treatment approach is mediated by soil and contaminant 
properties (Scheckel et al., 2013; Henry et al., 2015). The soil 
blend could serve a soil capping function and cover surface soil 
Pb. Incorporated materials could dilute the soil Pb. If the dilut-
ing agent is only compost, however, the compost can degrade 
over time and the surface soil Pb concentration would theoreti-
cally return to precompost-addition levels. Except for complete 
soil removal and replacement with tested low-Pb materials, using 
soil blends on Pb-contaminated soils could still result in Pb con-
centrations above various soil screening levels.

Table 6. Estimated benzo(a)pyrene total concentrations using 
acetonitrile extraction on soil capping, compost only, and 
incorporation options.

Treatments Volumetric 
mixing ratios

Benzo(a)
pyrene†
mg kg−1

Capping only
 All Sediment A/B combinations (n = 8) 50% sediment; 

50% compost
0.99 ± 0.41

Compost only to urban soil
 All compost combinations (n = 4) 50% compost; 

50% urban soil
3.57 ± 3.31

Incorporation
 All components combinations (n = 2) 33% compost; 

33% urban soil; 
33% sediment

0.99 ± 0.09

Source materials
 Urban soil 4.27 ± 0.99
 Sediment A (expected high PAH‡) (n = 2) 1.08 ± 0.75
 Sediment B (expect low PAH) (n = 2) 0.93 ± 0.49
 Compost A (n = 2) 0.49 ± 0.01
 Compost B (n = 2) 0.24 ± 0.00

† Total benzo(a)pyrene calculated by dividing acetonitrile extractable 
results by the 0.62 factor identified in Table 5.

‡ PAH, polycyclic aromatic hydrocarbons.
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Soil PAHs can be capped, diluted, or degraded by soil blends. 
This degradation potential is mediated by the PAH contaminant 
form and soil properties (Ruby et al., 2016). The lack of increased 
PAH degradation for the soils in the current study fit well within 
existing PAH degradation literature. More research is needed to 
evaluate urban soil PAH types and identify if petrogenic or pyro-
genic forms predominate. Soil blends could be tailored to spe-
cific contaminant types and whether or not degradation might 
be a goal, particularly for petrogenic PAHs. For example, aerobic 
remediation works well on petrogenic (i.e., creosote-contami-
nated) PAH-contaminated sites (Keck et al., 1989; Lladó et al., 
2013; García-Delgado et al., 2015), but not as well on pyrogenic 
(i.e., coal, lampblack, char) PAH-contaminated sites (Weissenfels 
et al., 1992; Erickson et al., 1993; Stroo et al., 2000; Ghosh et al., 
2003; Achten et al., 2011; Barnier et al., 2014) due to differences 
in PAH bioavailability. An excellent example of this difference 
was demonstrated by Weissenfels et al. (1992). Soil incubations 
containing petrogenic PAHs degraded, but soils with pyro-
genic PAHs did not. The pyrogenic PAHs were extracted using 
toluene, this extract was placed back in the same soil, and the 
added PAHs degraded (Weissenfels et al., 1992). Soil blends 
could include surfactants to potentially increase PAH solubility  
(Yap et al., 2010; Lladó et al., 2013). Unintended effects can 
occur, as surfactants can disrupt microbial cell walls, cause exces-
sive micelle formation that decreases availability, or  become 
microbial substrates and divert degradation activity from the 
PAHs ( Juhasz and Naidu, 2000).

Multiple studies indicate that PAH concentrations can 
remain elevated in the soil above regulatory screening levels after 
several years. Soil from a manufactured gas plant, likely pyrogenic 
PAHs, was composted for 3 yr and then placed in a biopile for  
14 mo. Polycyclic aromatic hydrocarbon levels decreased from 
1400 to 50 mg kg−1, but this concentration remained above the 
4-mg PAH  kg−1 standard applied to the soil (Reichenberg et al., 
2010). Benzo(a)pyrene levels remained at ~3 mg kg−1 after 1 yr of 
treatment using composted biosolids, noncomposted biosolids, 
leaf compost, and mushroom compost (Attanayake et al., 2015), 
and this concentration was above the USEPA BaP soil screen-
ing level. Materials land farmed beginning in the mid-1990s with 
PAH concentrations between 52 and 550 mg kg−1 had levels of  
2 to 25 mg PAH kg-1 in 2004 (Harmsen et al., 2007). These 
results demonstrated that PAH levels can remain elevated years 
after land farming begins due to potentially limiting oxygen, 
insufficient microbial populations, and reduced contaminant 
bioavailability (Harmsen et al., 2007).

Future Uses of Dredged Materials for Urban Soil 
Restoration

Dredged sediments can be reused as a soil material in a number 
of contexts, including habitat restoration, crop production, and 
general upland placement. Sediment properties vary according 
to collection location and the associated mineralogy in a given 
area (Brown et al., 1980; Gupta et al., 1980; Combs et al., 1982, 
1983). If tested dredged material meets the necessary environmen-
tal standards, then it can be beneficially applied and the applica-
tion’s impacts can be evaluated (Darmody and Marlin, 2002; Ebbs 
et al., 2006; Baniulyte et al., 2009; Diaz et al., 2010). Questions 
remain about ensuring that suitable dredged sediment screening 

protocols are developed to identify when materials can be reused 
(Koropchak et al., 2016), and if sediments are used in soil blends, 
there must be adequate screening criteria for the blends.

Future Use of QuEChERS PAH Extraction
Reichenberg et al. (2010) recommended conducting a pollut-

ant accessibility assessment before remediation efforts begin. These 
tests can include PAH bioavailability and can be conducted using 
a range of methods, including using Tenax beads for desorption 
studies and hydroxyl-b-cyclodextrin extractions for bioaccessibil-
ity estimates (Cornelissen et al., 1998; Reid et al., 2000; Stroo et 
al., 2000; Semple et al., 2003; Juhasz et al., 2014). Within the soil 
used in the current study, the QuEChERS-extractable BaP could 
estimate total BaP, but more data are needed before this method is 
suggested as a soil PAH screening tool.

Conclusions
Urban soil management must emphasize reducing soil con-

taminants and promoting soil physical, chemical, and biological 
properties that allow soils to function as critical ecosystem com-
ponents. Associated soil screening criteria should be developed 
to allow soil blend evaluation across all these soil properties, in 
addition to ensuring soil blends do not pose soil contaminant 
hazards. Of the three treatment options studied, incorporating 
the compost and sediments with the soil accomplished both 
these objectives. This option maintained or increased soil chemi-
cal and biological properties, including aggregate stability and 
soil organic matter, while reducing estimated total soil Pb to 
15 mg kg-1 and BaP to 0.99 ± 0.09 mg kg−1. Oil addition did 
not increase BaP degradation when using 6.4 to 8.5% oil addi-
tion on a dry mass basis for field-contaminated urban soils. Oil 
treatments increased respiration values to 1.4 ± 0.7 mg CO2 g−1 
higher than the non-oil treatments (p = 0.001). Future studies 
should evaluate how incorporating soil blends in different soil 
types with a range of contaminants may offer a suitable long-term 
management option for widespread urban soil contaminants.

Acknowledgments
Sandra Albro, Director of Research at Cleveland Botanical Garden, 
provided access to the yard in Cleveland, OH. Jim White from the 
Cleveland Port Authority and Jason Ziss, Business Development at 
Kurtz Brothers, provided the dredged sediment materials. Composting 
projects and materials were made possible by Austin Bright from 
Price Farms Organics and Brandon Fox and Heather Curtis from the 
City of Columbus. Jim Vent from the Horticulture and Crop Science 
Department provided laboratory incubation space. Mike Kelley, 
Caterina Villari, and David Showalter provided valuable training on 
the UPLC prior to the experiment. Alyssa M. Zearley assisted with soil 
processing and testing. Other support included partial salary for N.T. 
Basta and S.W. Culman by state and federal funds appropriated to the 
Ohio Agricultural Research and Development Center, The Ohio State 
University, Columbus, OH, 43210, as well as graduate student support 
for J.F. Obrycki from The Ohio State University, Columbus, OH, 43210 
through a Distinguished University Fellowship, an Ohio Agricultural 
Research and Development Center College of Food, Agricultural, and 
Environmental Sciences Graduate Research Fellowship, and School of 
Environment and Natural Resources funding.

References
Achten, C., S. Cheng, K.L. Straub, and T. Hofmann. 2011. The lack of microbial 

degradation of polycyclic aromatic hydrocarbons from coal-rich soils. En-
viron. Pollut. 159:623–629. doi:10.1016/j.envpol.2010.09.035

http://dx.doi.org/10.1016/j.envpol.2010.09.035


Journal of Environmental Quality 429

Alexander, M. 2000. Aging, bioavailability, and overestimation of risk from envi-
ronmental pollutants. Environ. Sci. Technol. 34:4259–4265. doi:10.1021/
es001069+

Amellal, N., J.-M. Portal, T. Vogel, and J. Berthelin. 2001. Distribution and 
location of polycyclic aromatic hydrocarbons (PAHs) and PAH-degrad-
ing bacteria within polluted soil aggregates. Biodegradation 12:49–57. 
doi:10.1023/A:1011909107858

Attanayake, C.P., G.M. Hettiarachchi, A. Harms, D. Presley, S. Martin, and 
G.M. Pierzynski. 2014. Field evaluations on soil plant transfer of lead 
from an urban garden soil. J. Environ. Qual. 43:475–487. doi:10.2134/
jeq2013.07.0273

Attanayake, C., G.M. Hettiarachchi, S. Martin, and G.M. Pierzynski. 2015. 
Potential bioavailability of lead, arsenic, and polycyclic aromatic hydro-
carbons in compost-amended urban soils. J. Environ. Qual. 44:930–944. 
doi:10.2134/jeq2014.09.0400

Baniulyte, D., E. Favila, and J.J. Kelly. 2009. Shifts in microbial community com-
position following surface application of dredged river sediments. Microb. 
Ecol. 57:160–169. doi:10.1007/s00248-008-9410-y

Barnier, C., S. Ouvrard, C. Robin, and J.L. Morel. 2014. Desorption kinetics of 
PAHs from aged industrial soils for availability assessment. Sci. Total Envi-
ron. 470–471:639–645. doi:10.1016/j.scitotenv.2013.10.032

Basta, N.T., J.A. Ryan, and R.L. Chaney. 2005. Trace element chemistry in resid-
ual-treated soil: Key concepts and metal bioavailability. J. Environ. Qual. 
34:49–63. doi:10.2134/jeq2005.0049dup

Bradley, L.J.N., B.H. Magee, and S.L. Allen. 1994. Background levels of polycy-
clic aromatic hydrocarbons (PAH) and selected metals in New England ur-
ban soils. J. Soil Contam. 3:349–361. doi:10.1080/15320389409383475

Brown, K.W., K.W. Launius, and L.E. Deuel. 1980. Physical-prop-
erties of confined dredged materials. Soil Sci. 129:95–106. 
doi:10.1097/00010694-198002000-00004

Brown, S., B. Christensen, E. Lombi, M. McLaughlin, S. McGrath, J. Colpaert, 
and J. Vangronsveld. 2005. An inter-laboratory study to test the ability of 
amendments to reduce the availability of Cd, Pb, and Zn in situ. Environ. 
Pollut. 138:34–45. doi:10.1016/j.envpol.2005.02.020

Carlson, J., J. Saxena, N. Basta, L. Hundal, D. Busalacchi, and R.P. Dick. 2015. 
Application of organic amendments to restore degraded soil: Effects on 
soil microbial properties. Environ. Monit. Assess. 187:109. doi:10.1007/
s10661-015-4293-0

Cheng, Z., A. Paltseva, I. Li, T. Morin, H. Huot, S. Egendorf et al. 2015. Trace 
metal contamination in New York City garden soils. Soil Sci. 180:167–
174. doi:10.1097/SS.0000000000000126

Codling, E.E., R.L. Chaney, and C.E. Green. 2015. Accumulation of lead and ar-
senic by carrots grown on lead-arsenate contaminated orchard soils. J. Plant 
Nutr. 38:509–525. doi:10.1080/01904167.2014.934477

Combs, S.M., R.H. Dowdy, S.C. Gupta, W.E. Larson, and R.G. Gast. 
1982. Chemical-properties and mineralogical characteristics of se-
lected dredged material. J. Environ. Qual. 11:255–261. doi:10.2134/
jeq1982.00472425001100020022x

Combs, S.M., R.H. Dowdy, S.C. Gupta, W.E. Larson, and R.G. Gast. 1983. The 
agricultural potential of dredged materials as evaluated by elemental com-
position of growing plants. J. Environ. Qual. 12:381–387. doi:10.2134/
jeq1983.00472425001200030015x

Cornelissen, G., Ö. Gustafsson, T.D. Bucheli, M.T.O. Jonker, A.A. Koelmans, 
and P.C.M. Van Noort. 2005. Extensive sorption of organic compounds 
to black carbon, coal, and kerogen in sediments and soils: Mechanisms and 
consequences for distribution, bioaccumulation, and biodegradation. En-
viron. Sci. Technol. 39:6881–6895. doi:10.1021/es050191b

Cornelissen, G., H. Rigterink, M.M.A. Ferdinandy, and R.C.M. Van Noort. 
1998. Rapidly desorbing fractions of PAHs in contaminated sediments as a 
predictor of the extent of bioremediation. Environ. Sci. Technol. 32:966–
970. doi:10.1021/es9704038

Darmody, R.G., and J.C. Marlin. 2002. Sediments and sediment-derived soils in 
Illinois: Pedological and agronomic assessment. Environ. Monit. Assess. 
77:209–227. doi:10.1023/A:1015880004383

Dawson, J.J.C., E.J. Godsiffe, I.P. Thompson, T.K. Ralebitso-Senior, K.S. Kill-
ham, and G.I. Paton. 2007. Application of biological indicators to assess 
recovery of hydrocarbon impacted soils. Soil Biol. Biochem. 39:164–177. 
doi:10.1016/j.soilbio.2006.06.020

Diaz, D.A.R., R.G. Darmody, J.C. Marlin, G.A. Bollero, and F.W. Simmons. 
2010. Trace metal bioaccumulation and plant growth on dredged river 
sediments and biosolids mixtures. Water Air Soil Pollut. 206:321–333. 
doi:10.1007/s11270-009-0108-7

Ebbs, S., J. Talbott, and R. Sankaran. 2006. Cultivation of garden vegetables 
in Peoria Pool sediments from the Illinois River: A case study in trace 
element accumulation and dietary exposures. Environ. Int. 32:766–774. 
doi:10.1016/j.envint.2006.03.013

Enander, R.T. 2014. Carcinogenic polycyclic aromatic hydrocarbons: An analy-
sis of screening values, guidelines, and standards in the Northeast. Risk 
Anal. 34:2035–2052. doi:10.1111/risa.12216

Erickson, D.C., R.C. Loehr, and E.F. Neuhauser. 1993. PAH loss during biore-
mediation of manufactured gas plant soils. Water Resour. 27:911–919. 
doi:10.1016/0043-1354(93)90157-D

García-Delgado, C., I. Alfaro-Barta, and E. Eymar. 2015. Combination of bio-
char amendment and mycoremediation for polycyclic aromatic hydrocar-
bons immobilization and biodegradation in creosote-contaminated soil. J. 
Hazard. Mater. 285:259–266. doi:10.1016/j.jhazmat.2014.12.002

Ghosh, U., J.R. Zimmerman, and R.G. Luthy. 2003. PCB and PAB speciation among 
particle types in contaminated harbor sediments and effects on PAH bioavail-
ability. Environ. Sci. Technol. 37:2209–2217. doi:10.1021/es020833k

Gupta, S.C., W.E. Larson, R.G. Gast, and S.M. Combs. 1980. Potential use 
of dredged material to improve marginal agricultural soils: I. Physical 
properties and plan growth. J. Environ. Qual. 9:653–660. doi:10.2134/
jeq1980.00472425000900040023x

Harmsen, J., W.H. Rulkens, R.C. Sims, P.E. Rijtema, and A.J. Zweers. 2007. 
Theory and application of landfarming to remediate polycyclic aromatic 
hydrocarbons and mineral oil-contaminated sediments; beneficial reuse. J. 
Environ. Qual. 36:1112–1122. doi:10.2134/jeq2006.0163

Heanes, D.L. 1984. Determination of total organic-C in soils by an improved 
chromic acid digestion and spectrophotometric procedure. Commun. Soil 
Sci. Plant Anal. 15:1191–1213. doi:10.1080/00103628409367551

Henry, H., M.F. Naujokas, C. Attanayake, N.T. Basta, Z. Cheng, G.M. Hetti-
arachchi et al. 2015. Bioavailability-based in situ remediation to meet fu-
ture Lead (Pb) standards in urban soils and gardens. Environ. Sci. Technol. 
49:8948–8958. doi:10.1021/acs.est.5b01693

Juhasz, A.L., S. Aleer, and E.M. Adetutu. 2014. Predicting PAH bioremedia-
tion efficacy using bioaccessibility assessment tools: Validation of PAH 
biodegradation-bioaccessibility correlations. Int. Biodeterior. Biodegrad. 
95:320–329. doi:10.1016/j.ibiod.2014.09.003

Juhasz, A.L., and R. Naidu. 2000. Bioremediation of high molecular weight 
polycyclic aromatic hydrocarbons: A review of the microbial degradation 
of benzo[a]pyrene. Int. Biodeterior. Biodegrad. 45:57–88. doi:10.1016/
S0964-8305(00)00052-4

Keck, J., R.C. Sims, M. Coover, K. Park, and B. Symons. 1989. Evidence for 
cooxidation of polynuclear aromatic hydrocarbons in soil. Water Resour. 
23:1467–1476. doi:10.1016/0043-1354(89)90110-3

Kettler, T.A., J.W. Doran, and T.L. Gilbert. 2001. Simplified method for soil par-
ticle-size determination to accompany soil-quality analyses. Soil Sci. Soc. 
Am. J. 65:849–852. doi:10.2136/sssaj2001.653849x

Khan, A.I. 2014. Analysis of 18 polycyclic aromatic hydrocarbons in soil using 
the QuEChERS method. Application Note 20677. Thermo Scientific, 
Waltham, MS. https://tools.thermofisher.com/content/sfs/brochures/
AN20677-analysis-of-18-polycyclic-aromatic-hydrocarbons-in-soil-using-
the-quechers-method.pdf (accessed 25 June 2016).

Koropchak, S.C., W.L. Daniels, A. Wick, G.R. Whittecar, and N. Haus. 2016. 
Beneficial use of dredge materials for soil reconstruction and development 
of dredge screening protocols. J. Environ. Qual. 45:62–73. doi:10.2134/
jeq2014.12.0529

Lladó, S., S. Covino, A.M. Solanas, M. Viñas, M. Petruccioli, and A. D’annibale. 
2013. Comparative assessment of bioremediation approaches to highly 
recalcitrant PAH degradation in a real industrial polluted soil. J. Hazard. 
Mater. 248–249:407–414. doi:10.1016/j.jhazmat.2013.01.020

McBride, M.B., H.A. Shayler, H.M. Spliethoff, R.G. Mitchell, L.G. Marquez-
Bravo, G.S. Ferenz et al. 2014. Concentrations of lead, cadmium and 
barium in urban garden-grown vegetables: The impact of soil variables. 
Environ. Pollut. 194:254–261. doi:10.1016/j.envpol.2014.07.036

McBride, M.B., T. Simon, G. Tam, and S. Wharton. 2013. Lead and arsenic up-
take by leafy vegetables grown on contaminated soils: Effects of mineral 
and organic amendments. Water Air Soil Pollut. 224:1378. doi:10.1007/
s11270-012-1378-z

McClintock, N. 2012. Assessing soil lead contamination at multiple scales in 
Oakland, California: Implications for urban agriculture and environmen-
tal justice. Appl. Geogr. 35:460–473. doi:10.1016/j.apgeog.2012.10.001

Mehlich, A. 1984. Mehlich 3 soil test extractant: A modification of the 
Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 15:1409–1416. 
doi:10.1080/00103628409367568

Mielke, H.W., J.C. Anderson, K.J. Berry, P.W. Mielke, R.L. Chaney, and M. Leech. 
1983. Lead concentrations in inner-city soils as a factor in the child lead prob-
lem. Am. J. Public Health 73:1366–1369. doi:10.2105/AJPH.73.12.1366

Minca, K.K., N.T. Basta, and K.G. Scheckel. 2013. Using the Mehlich-3 soil test 
as an inexpensive screening tool to estimate total and bioaccessible lead in 
urban soils. J. Environ. Qual. 42:1518–1526. doi:10.2134/jeq2012.0450

Minitab. 2010. Minitab version 16. Minitab, State College, PA.

http://dx.doi.org/10.1021/es001069+
http://dx.doi.org/10.1021/es001069+
http://dx.doi.org/10.1023/A:1011909107858
http://dx.doi.org/10.2134/jeq2013.07.0273
http://dx.doi.org/10.2134/jeq2013.07.0273
http://dx.doi.org/10.2134/jeq2014.09.0400
http://dx.doi.org/10.1007/s00248-008-9410-y
http://dx.doi.org/10.1016/j.scitotenv.2013.10.032
http://dx.doi.org/10.2134/jeq2005.0049dup
http://dx.doi.org/10.1080/15320389409383475
http://dx.doi.org/10.1097/00010694-198002000-00004
http://dx.doi.org/10.1016/j.envpol.2005.02.020
http://dx.doi.org/10.1007/s10661-015-4293-0
http://dx.doi.org/10.1007/s10661-015-4293-0
http://dx.doi.org/10.1097/SS.0000000000000126
http://dx.doi.org/10.1080/01904167.2014.934477
http://dx.doi.org/10.2134/jeq1982.00472425001100020022x
http://dx.doi.org/10.2134/jeq1982.00472425001100020022x
http://dx.doi.org/10.2134/jeq1983.00472425001200030015x
http://dx.doi.org/10.2134/jeq1983.00472425001200030015x
http://dx.doi.org/10.1021/es050191b
http://dx.doi.org/10.1021/es9704038
http://dx.doi.org/10.1023/A:1015880004383
http://dx.doi.org/10.1016/j.soilbio.2006.06.020
http://dx.doi.org/10.1007/s11270-009-0108-7
http://dx.doi.org/10.1016/j.envint.2006.03.013
http://dx.doi.org/10.1111/risa.12216
http://dx.doi.org/10.1016/0043-1354(93)90157-D
http://dx.doi.org/10.1016/j.jhazmat.2014.12.002
http://dx.doi.org/10.1021/es020833k
http://dx.doi.org/10.2134/jeq1980.00472425000900040023x
http://dx.doi.org/10.2134/jeq1980.00472425000900040023x
http://dx.doi.org/10.2134/jeq2006.0163
http://dx.doi.org/10.1080/00103628409367551
http://dx.doi.org/10.1021/acs.est.5b01693
http://dx.doi.org/10.1016/j.ibiod.2014.09.003
http://dx.doi.org/10.1016/S0964-8305(00)00052-4
http://dx.doi.org/10.1016/S0964-8305(00)00052-4
http://dx.doi.org/10.1016/0043-1354(89)90110-3
http://dx.doi.org/10.2136/sssaj2001.653849x
https://tools.thermofisher.com/content/sfs/brochures/AN20677-analysis-of-18-polycyclic-aromatic-hydrocarbons-in-soil-using-the-quechers-method.pdf
https://tools.thermofisher.com/content/sfs/brochures/AN20677-analysis-of-18-polycyclic-aromatic-hydrocarbons-in-soil-using-the-quechers-method.pdf
https://tools.thermofisher.com/content/sfs/brochures/AN20677-analysis-of-18-polycyclic-aromatic-hydrocarbons-in-soil-using-the-quechers-method.pdf
http://dx.doi.org/10.2134/jeq2014.12.0529
http://dx.doi.org/10.2134/jeq2014.12.0529
http://dx.doi.org/10.1016/j.jhazmat.2013.01.020
http://dx.doi.org/10.1016/j.envpol.2014.07.036
http://dx.doi.org/10.1007/s11270-012-1378-z
http://dx.doi.org/10.1007/s11270-012-1378-z
http://dx.doi.org/10.1016/j.apgeog.2012.10.001
http://dx.doi.org/10.1080/00103628409367568
http://dx.doi.org/10.2105/AJPH.73.12.1366
http://dx.doi.org/10.2134/jeq2012.0450


430 Journal of Environmental Quality 

Moebius-Clune, B.N., D.J. Moebius-Clune, B.K. Gugino, O.J. Idowu, R.R. Schin-
delbeck, A.J. Ristow et al. 2016. Comprehensive assessment of soil health–
The Cornell framework manual Ed. 3.0. Cornell University, Geneva, NY.

Nam, J.J., G.O. Thomas, F.M. Jaward, E. Steinnes, O. Gustafsson, and K.C. Jones. 
2008. PAHs in background soils from Western Europe: Influence of atmo-
spheric deposition and soil organic matter. Chemosphere 70:1596–1602. 
doi:10.1016/j.chemosphere.2007.08.010

Nathanail, C.P., and R.C. Ogden. 2013. Derivation of a site-specific as-
sessment criterion for benzo[a]pyrene in red shale at a former coking 
works. J. Environ. Sci. Health A 48:594–603. doi:10.1080/1093452
9.2013.731353

Nisbet, I.C.T., and P.K. LaGoy. 1992. Toxicity equivalency factors (TEFs) for 
polycyclic aromatic hydrocarbons (PAHs). Regul. Toxicol. Pharmacol. 
16:290–300. doi:10.1016/0273-2300(92)90009-X

Obrycki, J.F., N.T. Basta, K.G. Scheckel, B.N. Stevens, and K.K. Minca. 2016. 
Phosphorus amendment efficacy for in situ remediation of soil lead 
depends on the bioaccessible method. J. Environ. Qual. 45:37–44. 
doi:10.2134/jeq2015.05.0244

Obrycki, J.F., N.T. Basta, and R.S. Wilson. 2017. Evaluating public and regula-
tory acceptance for urban soil management approaches. J. Environ. Qual. 
46:20–26. doi:10.2134/jeq2016.06.0230

Ohio Administrative Code. 2016. Generic numerical standards. OAC 3745-
300-08 appendix. Ohio Environmental Protection Agency, Columbus, 
OH. http://epa.ohio.gov/portals/30/Rules/2014/3745-300-08%20Ap-
pendix.pdf (accessed 8 July 2016).

Rabideau, A.J., C. Bronner, D. Milewski, J. Golubski, and A.S. Weber. 2007. 
Background concentrations of polycyclic aromatic hydrocarbon (PAH) 
compounds in New York state soils. Environ. Forensics 8:221–230. 
doi:10.1080/15275920701506219

Reichenberg, F., U.G. Karlson, O. Gustafsson, S.M. Long, P.H. Pritchard, and P. 
Mayer. 2010. Low accessibility and chemical activity of PAHs restrict bio-
remediation and risk of exposure in a manufactured gas plant soil. Environ. 
Pollut. 158:1214–1220. doi:10.1016/j.envpol.2010.01.031

Reid, B.J., J.D. Stokes, K.C. Jones, and K.T. Semple. 2000. Nonexhaustive cyclo-
dextrin-based extraction technique for the evaluation of PAH bioavailabil-
ity. Environ. Sci. Technol. 34:3174–3179. doi:10.1021/es990946c

Ruby, M.V., Y.W. Lowney, A.L. Bunge, S.M. Roberts, J.L. Gomez-Eyles, U. Ghosh 
et al. 2016. Oral bioavailability, bioaccessibility, and dermal absorption of 
PAHs for soil-state of the science. Environ. Sci. Technol. 50:2151–2164. 
doi:10.1021/acs.est.5b04110

Saltiene, Z., D. Brukstiene, and A. Ruzgyte. 2002. Contamination of soil by 
polycyclic aromatic hydrocarbons in some urban areas. Polycyclic Aromat. 
Compd. 22:23–35. doi:10.1080/10406630210371

Samsøe-Petersen, L., E.H. Larsen, P.B. Larsen, and P. Bruun. 2002. Uptake of 
trace elements and PAHs by fruit and vegetables from contaminated soils. 
Environ. Sci. Technol. 36:3057–3063. doi:10.1021/es015691t

Scharenbroch, B.C., J.E. Lloyd, and J.L. Johnson-Maynard. 2005. Distinguishing 
urban soils with physical, chemical, and biological properties. Pedobiologia 
49:283–296. doi:10.1016/j.pedobi.2004.12.002

Scheckel, K.G., G.L. Diamond, M.F. Burgess, J.M. Klotzbach, M. Maddaloni, B.W. 
Miller et al. 2013. Amending soils with phosphate as means to mitigate soil 
lead hazard: A critical review of the state of the science. J. Toxicol. Environ. 
Health, Part B 16:337–380. doi:10.1080/10937404.2013.825216

Schneider, R., and D. Schröder. 1995. Development of soil structure, soil chemi-
cal, biological, physical and mechanical properties of reclaimed soils de-
rived from loess and harbor sediments. In: K.H. Hartge and B.A. Stewart, 
editors, Soil structure its development and function. Lewis Publishers, 
Boca Raton, FL. p. 135–157.

Semple, K.T., A.W.J. Morriss, and G.I. Paton. 2003. Bioavailabil-
ity of hydrophobic organic contaminants in soils: Fundamental 
concepts and techniques for analysis. Eur. J. Soil Sci. 54:809–818. 
doi:10.1046/j.1351-0754.2003.0564.x

Sims, R.C., and M.R. Overcash. 1983. Fate of polynuclear aromatic com-
pounds (PNAs) in soil-plant systems. Residue Rev. 88:1–68. 
doi:10.1007/978-1-4612-5569-7_1 

Sloan, J.J., P.A.Y. Ampim, N.T. Basta, and R. Scott. 2012. Addressing the need for 
soil blends and amendments for the highly modified urban landscape. Soil 
Sci. Soc. Am. J. 76:1133–1141. doi:10.2136/sssaj2011.0224

Stroo, H.F., R. Jensen, R.C. Loehr, D.V. Nakles, A. Fairbrother, and C.B. Liban. 
2000. Environmentally acceptable endpoints for PAHs at a manufac-
tured gas plant site. Environ. Sci. Technol. 34:3831–3836. doi:10.1021/
es990623g

USEPA. 2016. Regional screening levels (RSLs)—Generic tables (May 2016). 
USEPA, Washington, DC. https://www.epa.gov/risk/regional-screening-
levels-rsls-generic-tables-may-2016 (accessed 26 June 2016).

USEPA. 2014. Method 8270D: Semivolatile organic compounds by gas chro-
matography/mass spectrometry. USEPA, Washington, DC. https://www.
epa.gov/sites/production/files/2015-12/documents/8270d.pdf (accessed 
2 July 2016).

USEPA. 1986. Method 8100: Polynuclear aromatic hydrocarbons. USEPA, 
Washington, DC. https://www.epa.gov/sites/production/files/2015-12/
documents/8100.pdf (accessed 2 July 2016).

Vitosh, M.L., J.W. Johnson, and D.B. Mengel, editors. 1995. Tri-state fertilizer 
recommendations for corn, soybeans, wheat and alfalfa. Ext. Bull. E-2567. 
Michigan State Univ., The Ohio State Univ., and Purdue Univ., East Lan-
sing, MI. https://www.extension.purdue.edu/extmedia/AY/AY-9-32.pdf 
(accessed 26 June 2016).

Volchko, Y., J. Norrman, L. Rosèn, and T. Norberg. 2014. A minimum data set 
for evaluating the ecological soil functions in remediation projects. J. Soils 
Sediments 14:1850–1860. doi:10.1007/s11368-014-0939-8

Wallace, A., and R.E. Terry, editors. 1998. Handbook of soil conditioners sub-
stances that enhance the physical properties of soil. Marcel Dekker, New 
York.

Waters Corporation. 2010. Empower 3 chromatography data software. Waters 
Corporation, Milford, MA.

Waters Corporation. 2016. EPA methods book. Waters Corporation, Milford, 
MA. http://www.waters.com/waters/library.htm?lid=1529265 (accessed 
26 June 2016).

Weil, R.R., K.R. Islam, M.A. Stine, J.B. Gruver, and S.E. Samson-Liebig. 
2003. Estimating active carbon for soil quality assessment: A simplified 
method for laboratory and field use. Am. J. Alternative Agric. 18:3–17. 
doi:10.1079/AJAA200228

Weissenfels, W.D., H.-J. Klewer, and J. Langhoff. 1992. Adsorption of polycy-
clic aromatic hydrocarbons (PAHs) by soil particles influence on biode-
gradability and biotoxicity. Appl. Microbiol. Biotechnol. 36:689–696. 
doi:10.1007/BF00183251

Wild, S.R., and K.C. Jones. 1992. Polynuclear aromatic hydrocarbon uptake 
by carrots grown in sludge- amended soil. J. Environ. Qual. 21:217–225. 
doi:10.2134/jeq1992.00472425002100020010x

Withers, P.J., and A.N. Sharpley. 1995. Phosphorus fertilizers. In: J.E. Rechcigl, 
editor, Soil amendments and environmental quality. CRC press, Boca Ra-
ton, FL. p. 65–107.

Yap, C.L., S. Gan, and H.K. Ng. 2010. Application of vegetable oils in the treat-
ment of polycyclic aromatic hydrocarbons-contaminated soil. J. Hazard. 
Mater. 177:28–41. doi:10.1016/j.jhazmat.2009.11.078

Zhang, H., B. Raun, and B. Arnall. 2017. OSU soil test interpretations PSS-
2225. Oklahoma State Univ., Stillwater, OK. http://pods.dasnr.okstate.
edu/docushare/dsweb/Get/Document-1490/PSS-2225web.pdf (accessed 
12 Nov. 2016).

Zimdahl, R.L., and R.K. Skogerboe. 1977. Behavior of lead in soil. Environ. Sci. 
Technol. 11:1202–1207. doi:10.1021/es60136a004

http://dx.doi.org/10.1016/j.chemosphere.2007.08.010
http://dx.doi.org/10.1080/10934529.2013.731353
http://dx.doi.org/10.1080/10934529.2013.731353
http://dx.doi.org/10.1016/0273-2300(92)90009-X
http://dx.doi.org/10.2134/jeq2015.05.0244
http://dx.doi.org/10.2134/jeq2016.06.0230
http://dx.doi.org/10.1080/15275920701506219
http://dx.doi.org/10.1016/j.envpol.2010.01.031
http://dx.doi.org/10.1021/es990946c
http://dx.doi.org/10.1021/acs.est.5b04110
http://dx.doi.org/10.1080/10406630210371
http://dx.doi.org/10.1021/es015691t
http://dx.doi.org/10.1016/j.pedobi.2004.12.002
http://dx.doi.org/10.1080/10937404.2013.825216
http://dx.doi.org/10.1046/j.1351-0754.2003.0564.x
http://dx.doi.org/10.1007/978-1-4612-5569-7_1
http://dx.doi.org/10.2136/sssaj2011.0224
http://dx.doi.org/10.1021/es990623g
http://dx.doi.org/10.1021/es990623g
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables-may-2016
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables-may-2016
https://www.epa.gov/sites/production/files/2015-12/documents/8270d.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/8270d.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/8100.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/8100.pdf
https://www.extension.purdue.edu/extmedia/AY/AY-9-32.pdf
http://dx.doi.org/10.1007/s11368-014-0939-8
http://www.waters.com/waters/library.htm?lid=1529265
http://dx.doi.org/10.1079/AJAA200228
http://dx.doi.org/10.1007/BF00183251
http://dx.doi.org/10.2134/jeq1992.00472425002100020010x
http://dx.doi.org/10.1016/j.jhazmat.2009.11.078
http://pods.dasnr.okstate.edu/docushare/dsweb/Get/Document-1490/PSS-2225web.pdf
http://pods.dasnr.okstate.edu/docushare/dsweb/Get/Document-1490/PSS-2225web.pdf
http://dx.doi.org/10.1021/es60136a004

