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A B S T R A C T

Gardening provides a wide range of benefits to urban residents but may also increase risks of exposure to
contaminants in soils. Here we evaluate the use of clean excavated glacial sediments and locally produced
compost, to create soils for urban gardens in New York City, NY, USA. The objectives of this study are to examine
contaminants in compost and manufactured soil, assess safety of produce, and evaluate the agronomic value of
soil mixes with different ratios of sediment and compost. Methods of analysis include quantifying metal/me-
talloid concentrations in sediments, composts, and plant tissues, soil agronomic parameters (pH, salinity, organic
matter, total nitrogen, total carbon), and crop yield. Contaminant levels in sediments from the New York City
Clean Soil Bank (CSB) (< 10mg Pb kg−1) were far below background levels of soils in two selected gardens (66
and 1025mg Pb kg−1), while available composts had highly variable levels of contamination
(10–232mg Pb kg−1). A relatively clean compost was used for this study (19mg Pb kg−1). Metal/metalloid le-
vels did not increase in constructed soils during the 1-year pilot study period, and crops were well below EU
safety standards of 0.1 and 0.3 mg Pb kg−1 for fruits and leafy greens, even when surrounded by contaminated
soils. Sediment/compost mixtures produced yields comparable to control plots. Results suggest that CSB sedi-
ments have high potential to serve as manufactured topsoil. Creating these soil mixtures diverts materials from
expensive waste disposal, reduces contamination risks for urban residents, and promotes the myriad benefits of
urban agriculture and community gardening.

1. Introduction

Urban community gardening exists at the critical intersection be-
tween urban sustainability and environmental justice. Gardens in the
midst of cities provide green space and myriad ecosystem services,
which include but are not limited to air purification, carbon seques-
tration, water filtration, and stormwater capture (Gittleman, Farmer,
Kremer, & McPhearson, 2016; Goddard, Dougill, & Benton, 2010; Lin,
Philpott, & Jha, 2015; McPhearson, Kremer, & Hamstead, 2013; Yadav,
Duckworth, & Grewal, 2012). Gardens provide residents with ways to
interact with nature that may otherwise be lacking in a major me-
tropolis. Whether gardening occurs within cities or in rural areas, it has

proven beneficial for cardiovascular (Caspersen, Bloemberg, Saris,
Merritt, & Kromhout, 1991; Magnus, Matroos, & Strackee, 1979),
mental (Fabrigoule et al., 1995; Kaplan, 1973) and the overall health of
its practitioners (Armstrong, 2000; Twiss et al., 2003; Wakefield,
Yeudall, Taron, Reynolds, & Skinner, 2007). City gardening also pro-
vides opportunities for growing affordable and healthy produce, pro-
moting food sovereignty and food justice, despite numerous obstacles to
such goals (Alaimo, Packnett, Miles, & Kruger, 2008; Litt et al., 2011;
McCormack, Laska, Larson, & Story, 2010; Meenar & Hoover, 2016;
Ramírez, 2015; Sbicca & Myers, 2017). These activities also have the
potential to increase social cohesion and collective agency within
communities (Blair, Giesecke, & Sherman, 1991; Hung, 2004; Okvat &
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Zautra, 2011; Saldivar-Tanaka & Krasny, 2004; White, 2011). In New
York City, community gardening efforts were initiated and fostered
over the past several decades by people of color and people from low-
income backgrounds who continue to fight to maintain gardens on land
in a city where real estate prices are among the highest in the country
(Angotti, 2015; Aptekar, 2015; Eizenberg, 2012; Reynolds, 2015).

While urban gardening promotes environmental justice and sus-
tainability, the widespread presence of soil contaminants poses sig-
nificant health risks. Though people from vulnerable populations may
reap the aforementioned benefits of gardening, they may also be the
most at risk for contaminant exposure. Generally located on previously
vacant lots, urban gardens are often created in the presence of con-
taminants such as lead (Pb), arsenic (As), cadmium (Cd), nickel (Ni),
zinc (Zn), mercury (Hg), polycyclic aromatic hydrocarbons (PAHs), and
volatile organic compounds (VOCs) (Marquez-Bravo et al., 2016;
McBride et al., 2014; Mitchell et al., 2014; Spliethoff et al., 2016). Low-
income people of color are disproportionately located in areas of high
soil Pb contamination in NYC (Cheng et al., 2015). This is a phenom-
enon that occurs throughout the U.S. and other countries, a result of
numerous ongoing historical, social, and spatio-temporal processes that
replicate patterns of environmental health disparities and necessitate
movements to promote environmental justice (Aelion, Davis, Lawson,
Cai, & McDermott, 2013; Filippelli & Laidlaw, 2010; McClintock, 2015).

Lead is a pollutant of particular concern in urban environments,
especially for children (Mielke, 2015). Although the Toxic Substances
Control Act (TSCA) banned the use of lead-based paint in 1978
(USEPA., 1978) and the Clean Air Act banned the sale of leaded gaso-
line in 1996 (USEPA., 1970), anthropogenic Pb derived from these as
well as other sources including pipes and solder, industrial activities,
and waste incineration, has resulted in high accumulations of Pb in
urban soils. Lead cannot be broken down or leached out of soils, except
in acidic conditions (Alloway, 2010; Cheng, Lee, Dayan, Grinshtein, &
Shaw, 2011). Lead contaminated soils and dusts are subsequently re-
suspended and redistributed around cities (Zahran, Laidlaw,
McElmurry, Filippelli, & Taylor, 2013), and have been identified as an
important source of Pb exposure for urban populations (Mielke &
Reagan, 1998). Dominant pathways for exposure to Pb from soil include
direct ingestion of Pb attached to soil particles, ingestion of produce
with Pb in the matrix or on the surface, and inhalation of Pb dust
(Mielke, 2016).

The most effective strategies for mitigating Pb-contaminated soil
exposure include excavating and replacing, incorporating amendments
to reduce contaminant concentrations or bioavailability, or covering
with a clean soil (Laidlaw et al., 2017). One of the most widely adopted
Best Management Practices (BMPs) for urban gardening is the con-
struction of raised beds (USEPA., 2014). The challenge for replacing
contaminated materials or building raised beds is the availability of
clean soil (Mielke, 2016). A few centimeters of naturally occurring soil
can take thousands of years to form, and transporting soils from rural
areas is expensive and depletes the ecosystems from which they are
taken (Brady & Weil, 2017). However, compared with dig and haul
management of contaminated soil at 388 US$/m2 (in 2011), importing
soils from outlying and rural areas is relatively inexpensive at 22 US
$/m2 (Laidlaw et al., 2017; Mielke, 2016). The U.S. Geological Survey
identified clean, low Pb non-urban soils surrounding all U.S. cities
(Gustavsson, Bølviken, Smith, & Severson, 2001). In the densely po-
pulated landscape of NYC, large quantities of clean, inexpensive, and
locally sourced soil are urgently required to address the issue of urban
soil contamination, particularly for gardening and agriculture.

The potential for waste stream materials to meet urban soil needs
are being evaluated. As developers build on previously vacant lots in
Brooklyn and Queens, NYC, sediments from depth are excavated. While
Manhattan and the Bronx are underlain by crystalline bedrock,
Brooklyn and Queens, geographically located on Long Island, have
developed on glacially deposited sediments. Excavated sediments are
usually not contaminated, but most are nonetheless transported outside

of the city due to a lack of space and infrastructure for their local use. In
an effort to address this waste or distant use of clean material, the NYC
Mayor’s Office of Environmental Remediation (OER) created the Clean
Soil Bank (CSB) Program (CSB; Walsh et al., 2018). Since 2013, OER
has used the CSB to exchange 4.2×105 tons of glacial sediments from
development sites and has diverted them for beneficial uses within NYC
(Walsh et al., 2018).

The glacial sediments excavated from development sites lack the
organic matter and nutrient content needed for them to be effective as
growing media. Compost production is proliferating in cities, and or-
ganic waste recycling initiatives in NYC are generating large quantities
of compost with the aim of reducing the volume of organic waste being
sent to landfills. There is great potential for and interest in using this
material as a source of both organic matter and nutrients for urban
gardens (Brown, Kurtz, Bary, & Cogger, 2011).

While there is a growing body of scholarly work examining the issue
of soil contamination and approaches for mitigating contaminant ex-
posure both in the U.S. and abroad (Alloway, 2010; Biasioli et al., 2007;
Delbecque & Verdoodt, 2016; Kelly & Thornton, 1996), there is only a
limited number of studies examining the use of manufactured soils or
constructed Technosols for this purpose (Sere et al., 2008). Sloan,
Ampim, Basta, and Scott (2012) implore soil scientists to address the
need for constructed soils in urban settings. While the use of organic
amendments, such as compost or biosolids has been investigated, re-
latively few peer-reviewed articles have been published on inorganic
substrates and manufactured soils.

Research in the U.S. evaluating the use of sediments as a soil matrix
has focused on materials dredged from lakes or rivers. Brandon and
Price (2007) studied the use of aquatic sediments and outlined an ap-
proach for manufacturing soil. The Army Corps of Engineers dredges
more than 300 million cubic yards of sediments across the U.S. annually
(Brandon & Price, 2007), and in many cases these sediments have been
found to be appropriate for agricultural purposes (Darmody & Marlin,
2002; Lembke et al., 1983) even with somewhat elevated levels of trace
metals (Darmody et al., 2004).

The use of terrestrial or glacially deposited sediments, like those in
the CSB, has been examined for reconstruction of derelict lands in
France (Sere et al., 2008). These materials were evaluated for their
agronomic properties (Rokia et al., 2014) and their hydrostructrual
properties (Deeb, Grimaldi, Lerch, Pando, Podwojewski, & Blouin,
2016, Deeb, Grimaldi, Lerch, Pando, Gigon, Blouin, 2016). These au-
thors demonstrate that soil construction from locally available tech-
nogenic parent materials can meet the urgent needs for clean and
productive urban soil, while reducing the volume of materials entering
the waste stream.

The purpose of this research is to contribute to this area of inquiry
by evaluating the use of glacial sediments and compost to manufacture
topsoil for urban agricultural use. The focus of this study is on con-
taminants in the manufactured soil, safety and yield of the produce, and
the agronomic value of soil mixtures with different ratios of sediment
and compost. This study addresses the following questions: Do the
manufactured soils contain contaminants at levels of concern and will
they become more contaminated over time? Will experimental crops be
safe for human consumption, considering the levels of contaminants in
compost and the surrounding environment? Which sediment/compost
ratio is required to produce adequate yield?

2. Materials and methods

2.1. Field methods

2.1.1. Community garden test sites
Experimental test sites were established in three community gar-

dens in three different neighborhoods in Brooklyn, NY, USA. The New
York City Department of Parks and Recreation (DPR) branch that
manages community gardens, GreenThumb, oversees all three gardens
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and the Brooklyn Queens Land Trust jointly supports one of the gar-
dens. Gardens were selected on the basis of available space, gardener
interest in collaboration, as well as varying uses and histories. Garden 1
is a large farm that sells food at local farmers markets, Garden 2 was
newly established at the onset of the growing season, and Garden 3 has
been cultivated by community members since 1996. Historical in-
formation on each garden was gathered through GreenThumb records
and communication with garden coordinators. Background garden soils
were analyzed for metal contaminants by portable X-ray Fluorescence
(XRF) scanner (Olympus Inc, Delta Classic) in the field, and later by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Perkin
Elmer, Elan DRCe) (see Section 2.2.1 for sampling and analytical
methods).

2.1.2. Construction of raised beds
Four raised beds were constructed in Gardens 1 and 2 with

5 cm×25 cm untreated pine lumber. Raised bed frames
(1.2 m×2.4m long) were placed above the garden soil and landscape
fabric was placed within each frame to enable drainage but prevent
both root penetration and mixing with underlying soil.

Three of the beds were filled with CSB sediments and compost at
three different volumetric ratios: 50:50, 67:33, and 80:20. Compost,
created from food scraps and wood chips, was donated by the Gowanus
Canal Conservancy (GCC). After low metal concentrations were verified
by XRF, compost was delivered to each of the three garden sites and
manually mixed with sediments. The fourth bed in Gardens 1 and 2 was
established as a control and filled with topsoil purchased by DPR from a
local vendor for use in gardens across the city. Raised beds were es-
tablished in June 2015. Due to space limitation in Garden 3, only one
1.2 m×1.2m raised bed was built, filled with sediments and compost
at the volumetric ratio of 67:33. Other adjacent plots in Garden 3
contained in situ soil with high concentrations of Pb and As (Table 1).
As soon as these contaminants were identified in Garden 3, all gar-
deners were made aware of the issue. These plots were contained within
a fenced area and have since been used exclusively for scientific in-
quiry.

2.1.3. Crop selection and cultivation
Fruit and vegetable seedlings representing common varieties used

by community gardeners were supplied by DPR. A range of crops with
variable metal and metalloid accumulation rates and tendencies for
particle adherence were purposely selected from available seedlings.
Seedlings were planted in beds two to three weeks after raised bed
construction. Gardens 1 and 2 were planted with basil, cabbage, ci-
lantro, eggplant, onion, kale, peppers, tomato, and zucchini. Garden 3,
with a smaller bed, was planted with cilantro, eggplant, kale, onion,
and tomato. Leafy green crops (i.e. basil, cabbage, cilantro, kale) with
high surface area and root vegetables (i.e., onion) with increased con-
tact with soil present higher risk for particle adherence and entrapment

than fruiting crops (i.e. tomato, pepper, eggplant and zucchini)
(Alexander, Alloway, & Dourado, 2006; Brown, Chaney, &
Hettiarachchi, 2016; Finster, Gray, & Binns, 2004; McBride et al., 2014;
Samsøe-Petersen, Larsen, Larsen, & Bruun, 2002). Each garden site was
watered, weeded, and tended to at least twice weekly by researchers,
with occasional watering assistance by gardeners.

2.2. Laboratory methods

2.2.1. Contaminants in CSB sediments, composts, and soils
Composite samples were created by taking samples from the top

15–20 cm of eight points in each bed or walkway area. Samples were
thoroughly mixed in a clean plastic bucket, and approximately 0.5 L
was kept in a clear plastic bag. Constructed soils and the control topsoil
were sampled three weeks after placement in beds, and samples were
retaken in October 2015 and July 2016. Field screening of background
garden soils and composts by XRF occurred for 90 seconds and means of
three replicates were recorded for As, Cu, Ni, Pb, and Zn. Samples were
mixed between scanning intervals.

Three different particle size fractions of selected composts were
analyzed by XRF: greater than 2.83mm, 2.83–2.0mm, and less than
2.0 mm. Air-dried composts were passed between standard sieves, and
each fraction was placed in clear plastic bags and analyzed by XRF as
described above.

CSB sediments and soils were also analyzed by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) (Perkin Elmer, Elan DRCe). Soils
were dried to constant weight at 105 degrees C, and the<2mm frac-
tion was subjected to acid digestion using a microwave oven (EPA
Method 3051; USEPA, 2007). Concentrations of As, Cd, Cr, Cu, Ni, Pb
and Zn were determined by ICP-MS (EPA Method 6020; USEPA, 1998).
External reference materials SRM-2586 and SRM-2587 obtained from
the National Institute of Standards and Technology were used to check
for accuracy of the measurements (NIST, 2013, 2017). Each digestion
batch of up to 22 samples included two reference standards, two blanks,
and at least one duplicate. Germanium (Ge) and Bismuth (Bi) were used
as internal standards for instrumental drift correction.

2.2.2. Contaminants in crops
All harvested crops were collected in plastic bags, soaked in tap

water in bags, and rinsed three times. Triplicate washing was performed
to remove soil particles and represent washing techniques that gar-
deners could employ at home. Crops were dried in open plastic bags on
a clean laminar flow bench. Samples were then cut into small pieces,
and thoroughly mixed and stored in plastic bags in a freezer, if not
digested within a week. A minimum of 27 samples of each crop were
analyzed, three samples from each of the nine beds.

Plant tissues were analyzed for metal concentrations using micro-
wave oven digestion (modified EPA Method 3052; USEPA, 1996). Ap-
proximately 5 g of each sample was digested with 10mL of 50% HNO3

Table 1
Mean ± SE (n= 8), metal contaminants (mg kg−1) in Clean Soil Bank sediments (CSB S) used in this study, and background soils (BG) from gardens 1 and 3.
Mean ± SE (n=4), metal contaminants (mg kg−1) in CSB S and compost volumetric percentage admixtures (CSB 20%, CSB 33%, CSB 50%) used in the study and in
purchased control soils (CON). Analyses were conducted directly after mixing soils in June 2015. NYS Department of Environmental Conservation Soil Cleanup
Objectives (SCO) Unrestricted Use (UU) criteria are listed for comparison.

Soil Type Metal Concentrations (mg kg−1)

As Cu Ni Pb Zn

CSB S 3 ± 0.7 12 ± 2.8 14 ± 3.0 10 ± 1.0 49 ± 9.4
BG 1 6 ± 0.6 53 ± 6.1 15 ± 0.7 66 ± 4.0 150 ± 10.3
BG 3 142 ± 14.9 328 ± 30.5 NA 1025 ± 46.4 1474 ± 31.7
CON 3 ± 0.7 23 ± 1.9 8 ± 1.8 33 ± 5.5 89 ± 47.1
CSB 20% 2 ± 0.6 15 ± 2.8 10 ± 0.9 10 ± 2.1 59 ± 19.8
CSB 33% 1 ± 0.4 14 ± 0.6 15 ± 5.7 8.6 ± 2.5 59 ± 22.1
CSB 50% 1 ± 0.4 18 ± 1.4 10 ± 1.1 18 ± 5.2 81 ± 26
SCO UU 13 50 30 63 109
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acid in the microwave oven digester. The samples were analyzed with
ICP-MS for As, Cd, Cr, Co, Cu, Ni, Pb, Zn, and Al (EPA Method 6020:
USEPA, 1998). To ensure precision and check for accuracy of the
measurements, each batch of 22 samples was digested with at least one
duplicate, two blanks, and both apple leaf and rice flour Standard Re-
ference Materials (SRM 1515 and SRM 1568a).

2.2.3. Agronomic properties of soils and crop yields
Soil parameters were determined following USDA Kellogg Soil

Survey Laboratory Methods (Soil Survey Staff, 2014). The pH of each
soil was measured in a 1:1 slurry using a combined electrode (Fisher
Science Education). Salt content was determined in a 1:2 slurry for
Total Dissolved Solids (TDS) with an Oakton TDS 6 Acorn series meter.
Total Organic Content (TOC) was determined by Loss on Ignition with a
Barnstead Thermolyne tabletop furnace (1300 series). Organic carbon
and total nitrogen were determined by CHN analyzer (ThermoFinnigan
Flash EA 1112) (McGeehan & Naylor, 1988).

All crop harvests were taken by researchers. Leafy greens were
harvested 47 days after planting. Onions were harvested 70 days after
planting. All other fruits and vegetables were harvested periodically
and picked when each yield appeared to be ripe. Final harvest of all
produce was taken 135 days after planting. Upon harvest, crops were
weighed and processed in the lab.

2.2.4. Statistical analyses
Statistical analyses were performed with the R 3.0.3 software (R

Core Team, 2014). Normality and homogeneity of the data were eval-
uated using Shapiro and Bartlett tests. Since the data were not normally
distributed, medians were compared using Kruskal-Wallis tests, and
differences between multiple factors were compared by Nemenyi's test
(Zar, 2010). Differences were considered significant when p < 0.05.
The correlation between Pb and Al on all crops was tested with linear
regression models.

3. Results

3.1. Contaminants in CSB sediments, composts, and soils

3.1.1. Contaminants in CSB sediments and background garden soils
The CSB sediments had extremely low organic contaminant con-

centrations below all detection limits (data not shown) and extremely
low metal and metalloid concentrations (Table 1). The results presented
here are consistent with results reported by OER wherein analyses were
conducted by a certified commercial lab (York Analytical Laboratories)
(Walsh et al., 2018). Both laboratories found that inorganic con-
taminants were well below the most stringent standards (Unrestricted
Use, UU) of the NYS Department of Environmental Conservation (DEC)
Soil Cleanup Objectives (SCO), hereby referred to as SCOUU (NYSDEC,
2006), which are 13mg As kg−1, 30mg Cr kg−1, 50mg Cu kg−1,
30mgNi kg−1, 63mg Pb kg−1, and 109mg Zn kg−1.

Background garden soils were sampled for Gardens 1 and 3. Garden
2 was not sampled because it was newly constructed, and over one foot
of mulch covered the entire garden. Garden 1 background soils were
below the SCOUU criteria for As and Ni, but slightly above criteria for
Cu, Pb, and Zn at 53, 66, and 150mg kg−1 respectively (Table 1).
Garden 3 background soils had contaminant concentrations well above
the SCOUU threshold and were generally an order of magnitude higher,
with 142mg As kg−1, 328mg Cu kg−1, 1025mg Pb kg−1, and
1474mg Zn kg−1. Only one small fenced area in Garden 3 contained
such high contaminant concentrations, and this area has not been cul-
tivated by gardeners since being recognized. CSB sediments had metal
and metalloid concentrations well below SCOUU criteria and back-
ground soils from both gardens with 3mg As kg−1, 12mg Cu kg−1,
14mgNi kg−1, 10mg Pb kg−1, and 49mg Zn kg−1.

3.1.2. Contaminants in compost
Compost sources were screened in the field for contaminants prior

to use. Two composts from an unknown vendor contained a range of
contaminants, with Pb ranging from 36 to 232mg kg−1 and 34 to

Fig. 1. Mean ± SE (n= 6) Pb concentration in three size fractions (> 2.83 mm, 2.0–2.83mm,<2.0mm) of the three different composts considered for mixing with
CSB sediments. The Gowanus Canal Conservancy compost (GCC) was chosen for use in this study. Dashed horizontal line represents NYS Department of
Environmental Conservation Soil Cleanup Objectives Unrestricted Use (SCOUU) criteria for Pb.
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129mg kg−1, respectively. These composts were not used in the study.
A food waste and wood chip compost supplied by the Gowanus Canal
Conservancy (GCC) had Pb concentrations ranging from 10 to
43mg kg−1, with a median of 19mg kg−1 (n=13). A second pile of
compost was also sampled at GCC and had Pb concentrations ranging
from 7 to 226mg kg−1, with a median of 45mg kg−1 (n=13). Only
two of the 13 samples taken from this pile had Pb concentrations above
70mg kg−1. All of the compost in the first pile (about 4 cubic yards)
was used for the study, and less than half of one cubic yard of the
second pile was used to create sufficient volume. Although two of the
samples from the second pile contained Pb concentrations above
SCOUU criteria, the small volume of this material nonetheless created
soil mixtures with Pb concentrations below these stringent standards
(Table 1).

Each of these composts were subsequently analyzed for Pb con-
centrations by size fraction in the lab (Fig. 1). Compost 1 had Pb con-
centrations over 200mg kg−1 in all fractions, with the 2.0–2.83mm
fraction over 450mg kg−1. Compost 2 had lower Pb concentrations
overall (45–93mg kg−1), with increasing concentrations in the smaller
particle sizes. The GCC compost, used for the field study, had the lowest
Pb concentrations (29–65mg kg−1) and showed increasing concentra-
tions with reduced particle sizes.

3.1.3. Contaminants in CSB mixed soils and control soil
After the CSB sediments and compost were mixed and placed into

raised beds in gardens, composite samples of each bed were analyzed
for the presence of organic and inorganic contaminants by York
Analytical Laboratories (Walsh et al., 2018). The soils were also ana-
lyzed for inorganic contaminants at Brooklyn College (Table 1) in order
to compare laboratory variability. The control soil and all CSB mixtures
had metal concentrations below SCOUU criteria. The purchased control
soil (CON) had higher concentrations of As, Cu, Pb, and Zn and lower Cr
and Ni than all CSB-compost soils.

3.1.4. Contaminants in CSB soils over time
The experimental soil from each plot was sampled and analyzed for

the presence of contaminants over the course of one year after empla-
cement in beds. Metal and metalloid contaminant concentrations varied
slightly, but did not change significantly over time (p=0.3) and the
values for Pb concentrations are presented (Fig. 2). Organic con-
taminant concentrations also remained under detection limits over this
year (data not shown). All metal and metalloid concentrations re-
mained well below SCOUU criteria, and Pb for example, is shown to
range from 5 to 30mg kg−1 over the initial year. None of the three sites
showed an increase in contamination over one year, even though there
was variable contamination in background soils, i.e., Garden 3 con-
tained soils with elevated Pb and As concentrations (Table 1).

3.2. Contaminants in crops

3.2.1. Lead in fruit and vegetable crops
Organic contaminant concentrations in crops were analyzed at York

Analytical Laboratory and were below detectable limits. Metal and
metalloid concentrations were above limits of detection, but were
below health based guidance values established by the European
Commission (EC, 2006). Fruit and root crops (Fig. 3a) had Pb con-
centrations below the safety threshold of 0.1mg kg−1 fresh weight
(f.w.) and leafy vegetables (Fig. 3b) had concentrations below the safety
threshold of 0.3mg kg−1.

Although some crops had slightly higher concentrations than others,
namely onions and basil, these differences were not concerning, be-
cause these concentrations were still well below respective safety
thresholds. While Pb in soil mixtures increased slightly with increasing
compost ratios (Table 1), Pb concentrations in plant tissues were not
significantly different between different compost ratio beds (p=0.6).

3.2.2. Relationship between Pb and Al in produce
The trace amounts of Pb found in crops could be the result of uptake

by roots (which is mediated by factors such as soil pH, organic matter
and Pb sorption reactions) or from soil particles adhered to plant tissues
and foliar uptake (which is mediated by the surrounding environment
and plant physiology) (Nabulo, Oryem-Origa, & Diamond, 2006;
Schreck et al., 2012; Uzu, Sobanska, Sarret, Muñoz, & Dumat, 2010).
Assuming that Al uptake is negligible in the neutral to slightly alkaline
soils, the presence of Al on crops can be used as an indicator of minerals
adhered to or entrained in plant tissues (McBride et al., 2014). The
highest Pb concentrations were found on basil, and the correlation
between Pb and Al was strong (R2=0.7, p < 0.001), suggesting that
tissue Pb was dominated by adherence rather than uptake. A linear
correlation was also found for kale (R2= 0.2, p= 0.02) and peppers
(R2= 0.2, p= 0.02). Statistically insignificant, weaker correlations
were found for cabbage (R2=0.1, p= 0.16), eggplant (R2=−0.05,
p=0.8), and tomato (R2= 0.02, p= 0.2).

3.3. Agronomic properties

3.3.1. Agronomic properties of soils
CSB sediments were analyzed for nutrient content prior to mixing,

and low concentrations of soil organic carbon (SOC) (0.1 mg kg−1) and
nitrogen (N) (below detection limits) validated the need for mixing with
compost. Each constructed soil was alkaline, as was the control soil
(Table 2). Salt content (measured by Total Dissolved Solids, or TDS),
organic matter (OM) and SOC were slightly higher in the control soil
than in the 20% and 33% compost ratios, but was the highest in the
50% compost ratio beds. Total N was the highest in the 50% compost
ratios, and was nearly the same in the other compost ratio beds as the
control. Carbon to nitrogen ratios, however, were the highest in the
control soil, and were nearly the same in each of the CSB compost ratio
beds.

3.3.2. Crop yield
Mean harvest weights of total edible yield from each raised bed in

Gardens 1 and 2 were calculated (Fig. 4). The constructed soils with
50% compost had the highest yield for all selected crops. The 33%
compost beds produced comparable yields to the control soil bed, with
the former having the second highest yield for basil, eggplant, kale,
pepper, and tomato. The control soil produced higher yields than the
33% beds only for cabbage, and produced more than the 20% beds for
kale, onion, and tomato.

4. Discussion

4.1. Contaminants in CSB sediments, composts, soils, and crops

The CSB sediments clearly can be used to construct clean topsoil for
urban community gardens. The first step in any such construction is
confirming the safety of sediments (Brandon & Price, 2007). The sedi-
ments here contained lower contaminant concentrations than back-
ground soils of the selected gardens (Table 1), three different urban
composts (Fig. 1), garden soils from NYC in general (Cheng et al.,
2015), and dredged sediments from waterways (Brose et al., 2016).

In order to produce a viable topsoil blend with sediments, organic
matter additions are necessary (Deeb, Grimaldi, Lerch, Pando,
Podwojewski, et al., 2016, Deeb, Grimaldi, Lerch, Pando, Gigon, et al.,
2016; Epstein, Taylor, & Chaney, 1976; Kelling, Peterson, & Walsh,
1977; Paradelo & Barral, 2013; Reeves, 1997). However, obtaining
uncontaminated sources of organic matter can be challenging in urban
areas, as two different potential sources for this study were initially
rejected, each with varying Pb concentrations in different size fractions
(Fig. 1). Even though the GCC compost had low contaminant con-
centrations, it nonetheless contributed the majority of metal con-
taminants in the constructed soil (Table 1). Although all metals of
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concern were well below the NYS SCOUU criteria in the constructed
soil, compost decomposes over time, and thus there is potential for
metals to accumulate in beds with subsequent organic matter additions
(Smith, 2009).

On the other hand, a number of studies have found that metals such
as Pb are less phytoavailable and bioavailable in compost than in soils,
biosolids, or other media (Epstein, Chaney, Henry, & Logan, 1992;
Farrell & Jones, 2009; Fitzstevens, Sharp, & Brabander, 2017;
Hargreaves, Adl, & Warman, 2008; Kupper, Bürge, Bachmann,
Güsewell, & Mayer, 2014). Composts are by nature heterogeneous, and
depending on the feedstocks and quantity of sourced material, some
will be more contaminated than others. Careful monitoring and

screening for contaminants in compost is therefore necessary. Under-
taking a comprehensive urban compost screening program would be
resource intensive and logistically challenging, but there appears to be
great interest in ensuring the quality of compost by both producers and
consumers in NYC and surrounding regions. New methods for de-
termining the biogeochemical fingerprint of Pb in urban composts are
being actively developed (Fitzstevens et al., 2017; Sharp & Brabander,
2017).

Contaminant concentrations in the soils did not change significantly
over the one-year study period, and the example of Pb is illustrated
(Fig. 2). While no additional amendments were added to soils, there is a
growing body of literature which suggests that resuspended soils from

Fig. 2. Mean ± SE (n= 9) soil Pb concentrations from July 2015 to July 2016. Values are means of samples from all three Clean Soil Bank and compost experi-
mental mixtures per garden.ashed horizontal line represents NYS Department of Environmental Conservation Soil Cleanup Objectives Unrestricted Use (SCOUU)
criteria for Pb.

Fig. 3. Lead concentrations (mg kg−1) fresh weight (f.w.) in fruit and vegetable crops grown in Clean Soil Bank soils in gardens 1, 2, and 3. The box plots show the
lower quartile, the median and the upper quartile, with whiskers extending to the most extreme data point unless outliers are present, which are indicated as open
circles. Dashed horizontal lines represent European Commission standards (EC, 2006) for Pb in fruiting (a) and leafy green crops (b). Sample sizes for each crop were:
eggplant (n= 24), onion (n= 30), pepper (n=27), tomato (n= 47), basil (n=23), cabbage (n=20), kale (n= 33).
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proximal and distal sources can contaminate newly emplaced clean
soils (Clark, Hausladen, & Brabander, 2008; Laidlaw & Filippelli, 2008;
Laidlaw, Zahran, Mielke, Taylor, & Filippelli, 2012; Laidlaw et al.,
2016; Taylor, Mackay, Hudson-Edwards, & Holz, 2010; Zahran et al.,
2013). This issue is particularly important for Garden 3, where adjacent
soils contained high Pb and As (Table 1). The other two garden sites
were located near homes constructed in the early part of the 20th
century, as well as near elevated subway infrastructure, which may
contain Pb paint and contribute to dust deposition (Caravanos, Weiss,
Blaise, & Jaeger, 2006; Weiss, Caravanos, Blaise, & Jaeger, 2006;
Young, Heeraman, Sirin, & Ashbaugh, 2002).

The lack of measurable recontamination in this study was likely due
to a number of factors including mulch coverage surrounding the beds,
which limits proximal soil movement (i.e., resuspension or tracking), as
well as to the limited time frame of sampling (Binns et al., 2004). If
mulch is acting as a filter for contaminant deposition, increasing con-
centrations may be evident over time. However, as mulch breaks down
over time, the decomposing organic matter may alter metal speciation
and bioavailability (Beesley & Dickinson, 2011; Schroth, Bostick, Kaste,
& Friedland, 2008). A number of anthropogenic and climatic factors are
involved in resuspension and deposition of contaminated soils, which is
an ongoing phenomenon in need of further investigation (Del Rio-Salas

et al., 2012; Pingitore, Clague, Amaya, Maciejewska, & Reynoso, 2009;
Zheng, Shotyk, Krachler, & Fisher, 2007). Distal source contamination
may also occur for these soils over time, and beds will be continually
monitored.

While the manufactured soils contain extremely low levels of con-
tamination, it was nonetheless important to analyze the safety of the
produce to see if either contaminants in compost or the surrounding
environment affected crops (Li et al., 2012; MacKinnon et al., 2011;
Uzu et al., 2010; Wiseman, Zereini, & Püttmann, 2013). The crops
grown in each of the manufactured soils contained negligible con-
centrations of contaminants and were safe for consumption (Fig. 2).
Low Pb concentrations associated with basil and kale were strongly
correlated with Al concentrations (R2= 0.77, p < 0.001, and
R2=0.2, p= 0.02, respectively). This finding suggests that the domi-
nant source of Pb on these crops was surficial contamination from dust
or entrained soil particles (McBride et al., 2014). While the adhered
particles are difficult to wash off completely, the levels of contaminants
found on vegetable tissues did not present significant risks (Attanayake
et al., 2014). Controlling dust and splash with mulching around crops
can minimize adhered soil particles (Brown et al., 2016). Adding
compost to beds can also lead to greater aggregate stability which de-
creases dust and splash in addition to reducing contaminant phyto- and
bioavailability (Henry et al., 2015).

4.2. Evaluating manufactured soils

Even during their initial year of formation, the CSB-compost mix-
tures supported a range of crop types and exhibited a range of soil
parameters comparable to the purchased control topsoil. The soil
parameters evaluated (Table 2) show appropriate physical and che-
mical properties for plant growth. The harvest weights suggest that
with at least 33% compost in volume, the constructed soils produced
comparable or greater yields than commercially available topsoil
commonly used by urban community gardeners (Fig. 3). Adequate or-
ganic matter levels are needed for a range of soil physical, chemical,
and agronomic properties. However, adding organic amendments can

Table 2
Mean (n=6), soil parameters in Clean Soil Bank sediment (CSB S) and compost
percentage admixtures (CSB 20%, CSB 33%, CSB 50%) used in study and
control soil (CON). Mean values were taken from gardens 1, 2 and 3 directly
after mixing in June 2015.

Soil Type Soil Agronomic Parameter

pH TDS
(mg kg−1)

OM (%) C/N SOC
(mg kg−1)

Total N
(mg kg−1)

CON 8.0 146.2 4.5 20.0 2.9 0.1
CSB 20% 8.0 110.0 2.4 14.6 1.3 0.09
CSB 33% 8.1 119.1 3.4 13.2 1.9 0.1
CSB 50% 7.8 284.2 9.6 13.2 4.6 0.4

Fig. 4. Mean ± SE of crop yield (kg) in fresh weight (f.w.). Values are mean of CSB compost admixture beds (20%, 33%, 50%) and control soils from gardens 1 and
2.
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increase cost and potentially increase contaminant concentrations
(Smith, 2009). The results of this study suggest that the CSB sediments
requires an addition of 33–50% compost by volume in order to provide
adequate yield while minimizing cost and contaminant concentrations.
Additional studies with other sediment and compost types are needed to
further investigate these initial findings.

While the agronomic potential of the constructed soils were eval-
uated by their ability to support plant growth, there are other ways to
assess soil quality, especially for engineered soils. For example, Sere
et al. (2010) constructed soils and evaluated profile development,
structure and aggregation, water movement and chemical weathering
over a 3-year period. Soil health can be evaluated by the USDA-NRCS
Soil Management and Assessment Framework (Andrews, Karlen, &
Cambardella, 2004), and Cornell University’s Comprehensive Assess-
ment of Soil Health (Schindelbeck et al., 2008), which both include a
variety of soil biological, chemical and physical parameters. There is
currently no agreed upon framework for evaluating soil health in an
urban context, particularly for newly constructed soils and urban
agriculture. Our approach examined agricultural productivity and
contamination over time, which should be included as important cri-
teria when evaluating constructed soils in urban areas.

4.3. Utilizing waste materials for beneficial reuse

It is important to note that the CSB sediment and compost mixtures
are constructed from materials that might otherwise enter landfills.
There is a large volume of these or similar materials available in NYC
and other cities. Over its first five years of operation, the CSB has
transferred 4.2× 105 tons of native sediment (Walsh et al., 2018). In
addition to recycling sediment, the CSB has lowered costs of sediment
management, reduced truck transport and diesel fuel consumption and
lowered greenhouse gas emissions (Walsh et al., 2018). These en-
vironmental amenities are directly aligned with sustainability planning
in NYC, which calls for reductions in greenhouse gas emissions and
solid waste disposal, increased collection and reuse of organic mate-
rials, brownfield remediation, creation of additional community gar-
dens and urban farms, and improved food access, affordability and
quality (One NYC, 2017).

Composting initiatives in NYC have greatly expanded, both under
the jurisdiction of the Department of Sanitation’s (DSNY) NYC Compost
Project, and through commercial and smaller composting facilities, as a
key component of One NYC. In 2013, NYC disposed of 3.3 million tons
of waste, 31% of which (1.023 million tons) was compostable organics
(DSNY, 2013). In 2014, DSNY composted 892 tons of residential or-
ganics (DSNY, 2014). These initiatives are keeping food and yard waste
out of landfills, but in order for the composts to work most effectively as
growing media, an inorganic matrix is desired (Sloan et al., 2012). CSB
sediments are ideal candidates. Constructing urban soils from these
materials is consistent with systems-based approaches for social-eco-
logical urban planning that also support ancillary urban ecosystem
services (Bai et al., 2016; Ferris, Norman, & Sempik, 2001; McPhearson
et al., 2016).

The 4.2× 105 tons of native sediment that have already been reused
locally in the CSB would enable coverage of all NYC gardens within
slightly more than one year (Walsh et al., 2018). This calculated CSB
volume accounts for only a small percentage of the total quantity of
clean sediments generated in NYC. Economic constraints, limited fa-
cilities for storing and mixing soils, and the issues of small streets and
fenced gardens contribute to the challenges of realizing the full po-
tential of the CSB to construct soils on a large scale. These impediments
are not insurmountable, and it is important to effectively address these
issues so that the CSB can promote sustainable development and en-
vironmental and food justice (Horst, McClintock, & Hoey, 2017).

5. Conclusion

The use of CSB sediments and compost in this study effectively di-
verted waste materials from landfills and demonstrated their safe and
effective use as manufactured topsoil. Composts, which must be mixed
with CSB sediments to facilitate plant production, can be a source of
contamination and must be carefully screened before use. Once placed
in beds, contaminant concentrations in CSB sediment and compost
mixtures did not change significantly over the first year. This indicates
that environmental factors such as resuspension of surrounding soils
and dusts had a negligible impact on contaminant concentrations in the
soils and produce over this limited time period. These beds will be
monitored over time for soil development and potential contamination
from resuspended soils and dusts. The crop yields from beds containing
at least 33% compost by volume were comparable to the commercial
control topsoil. Both the yield values and soil parameters show that
even in their first year of formation, these constructed soils were pro-
ductive and comparable to topsoil otherwise available to community
gardeners.

Clean soil is needed to mitigate exposure to contaminants and
promote urban agriculture. Our findings suggest that CSB sediments
mixed with urban composts have the capacity to begin to meet this need
in NYC. However, creating these soils does not automatically guarantee
that they benefit those most at risk to contaminant exposure and most
in need of affordable healthy produce. Moving forward, the Clean Soil
Bank presents a unique opportunity to develop urban social-ecological
systems that connect city agencies, academic researchers, and local
organizations to support urban gardening and environmental and food
justice.
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