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Urban horticulture (UH) has been proposed as a solution to increase urban sustainability, but the potential risks
to human health due to potentially elevated soil heavy metals and metalloids (HM) concentrations represent a
major constraint for UH expansion. Here we provide the first UK-wide assessment of soil HM concentrations
Bioavailability (total and bioavailable) in UH soils and the factors influencing their bioavailability to crops. Soils from 200
Black carbon allotments across ten cities in the UK were collected and analysed for HM concentrations, black carbon (BC) and
C4SLs organic carbon (OC) concentrations, pH and texture. We found that although HM are widespread across UK UH
soils, most concentrations fell below the respective UK soil screening values (C4SLs): 99 % Cr; 98 % As, Cd, Ni;
95 % Cu; 52 % Zn. However, 83 % of Pb concentrations exceeded C4SL, but only 3.5 % were above Pb national
background concentration of 820 mg kg~!. The bioavailable HM concentrations represent a small fraction
(0.01-1.8 %) of the total concentrations even for those soils that exceeded C4SLs. There was a significant positive
relationship between both total and bioavailable HM and soil BC and OC concentrations. This suggest that while
contributing to the accumulation of HM concentrations in UH soils, BC and OC may also provide a biding surface
for the bioavailable HM concentrations contributing to their immobilisation. These findings have implications for
both management of the risk to human health associated with UH growing in urban soils and with management
of UH soil. There is a clear need to understand the mechanisms driving soil-to-crop HM transfer in UH to improve
potentially restrictive C4SL (e.g. Pb) especially as public demand for UH land is growing. In addition, the UH
community would benefit from education programs promoting soil management practices that reduce the risk of
HM exposure - particularly in those plots where C4SLs were exceeded.

1. Introduction

More than 50 % of the global population lives in cities and this figure
is expected to rise to 70 % by 2050 (UN DESA Population Division,
2012). To date, urban areas account for three quarters of global carbon
emissions (Seto et al., 2014) and food consumption by urban dwellers is
estimated to represent a major source of these greenhouse gas (GHG)
emissions (Goldstein et al., 2017). Urban inhabitants are reliant upon
the import of foods from a complex global food system (Olsson et al.,
2016) which could threaten urban food security and resilience of supply
(Kirwan & Maye, 2013), as seen during the Covid-19 pandemic
(Devereux et al., 2020). A key challenge faced within urban areas is the
need to feed a growing population, while ensuring sustainable and
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resilient urban food security (Marin et al., 2016; Vermeulen et al., 2012;
Godfray et al., 2010).

Urban horticulture (UH), the primary form of urban agriculture in
cities and towns in the global North (Edmondson et al., 2020), is
increasingly recognised from local to international levels of governance
as an important facet of urban food security and sustainable urban food
systems (Jia et al., 2019; Tobarra et al., 2018; Brodt et al., 2013). While
delivering fresh and nutritious food, research has also demonstrated that
UH supports multiple ecosystem services including habitat for biodi-
versity (Lin et al., 2015), carbon storage (Dobson et al., 2021;
Edmondson et al., 2014) and flood regulation (Zelenakova et al., 2017).
It has also been shown to improve human mental and physical health
(Dobson et al., 2020a; Martin et al., 2016) and provide social benefits
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(Dobson et al., 2020a; Soga et al., 2017).

In the UK, the largest land area used for UH is urban allotments.
Allotments sites are group of allotment plots (each plot is typically 250
m?) leased to an individual with the purpose of growing fruits and
vegetables (The National Allotment Society). However, allotment land
provision in the UK is at all-time low, with a 65 % decline in provision
(Dobson et al., 2020b). Nevertheless, there is potential to increase the
land used for UH in gardens and other greenspaces as allotments or
community gardens. A case study in a UK city demonstrated there was
enough greenspace land potentially suitable for UH to feed more than
the population of the city on the WHO recommended 400 g fresh fruit
and vegetables per day (Edmondson et al., 2020).

Despite this, growing food within cities raises major concerns due to
the potential risks to human health (Mitchell et al., 2014; Oka et al.,
2014) as urban soils often contain elevated concentrations of pollutants
including heavy metals and metalloids (HM), derived from atmospheric
deposition of industrial, domestic and vehicle emission or natural
sources (geogenic) (von Schneidemesser et al., 2019; Krzyzanowski
et al., 2014; Wiseman et al., 2013). Application of pesticides, manure,
compost, and contaminated irrigation water represent other sources of
contamination in UH soils (Szolnoki et al., 2013; Alloway, 2004). Con-
sumption of food produced on contaminated soil can pose severe risks to
human health, potentially representing a major constraint for the
development of UH at larger scale (Lal, 2020; Ercilla-Montserrat et al.,
2018; Hamilton et al., 2014). HM are of particular concern due to their
long residence times in soils (Kabata-Pendias, 2010) and their
bioavailability to plants, resulting in health risks to growers. The human
health risks associated with long-term exposure to HM may lead to
reduced growth, cancer, damage to the nervous system, kidneys and
lungs, behavioural and cognitive impairment especially in children, and
even mortality (Rai et al., 2019).

In the UK, generic assessment criteria known as category four
screening levels (C4SLs) were derived as a part of the Part 2A of the
Environmental Protection Act 1990 (Defra, 2014) to support regulators
and others in deciding whether a land is contaminated and thus un-
suitable for UH use. Specifically, C4SLs are associated with a low level of
toxicological concern and represent soil screening values that identify
sites with low risk to human health. Additionally, Part 2A (Section 3.22)
also states that land that presents normal background concentrations
(NBCs) of contaminants in excess of C4SLs should not be qualified as
contaminated land unless there is a particular reason to consider
otherwise (Defra, 2012). To date, a UK-wide picture of UH soil HM
concentrations and to what extent these compared to C4SLs and NBCs
soils is unknown. Understanding the range and variability of total HM
concentrations in UH soils across the UK and their comparison to C4SLs
and NBCs could help to determine whether growing food in land
currently used for UH poses a risk to human health and could give
insight on the potential of expanding UH within cities.

Black carbon (BC) is formed during the incomplete combustion of
biomass and fossil fuels and it is often found in association with other
anthropogenic pollutants such as HM, which are either co-emitted with
BC or adsorbed onto BC once in the atmosphere (Hao et al., 2020;
Ramachandran et al., 2020; Peng et al., 2019; Xie et al., 2019; Morillo
et al., 2008). Co-deposition of BC-bound HM is therefore inevitable (He
& Zhang, 2009). As with HM, urban soils can contain high levels of BC,
for example, studies in the UK and USA have reported BC concentrations
of more than 20 % of total organic carbon pool (TOC) (Edmondson et al.,
2015; Hamilton & Hartnett, 2013; Rawlins et al., 2008). Whilst often
being co-deposited with HM, BC could simultaneously act as a strong
sorbent of these HM, reducing their mobility and bioavailability and
thus reducing the risk of plant uptake (Kim et al., 2015). Given its
co-occurrence with HM and its potential to influence the bioavailability
of HM in soils it is important to understand BC concentrations in UH
soils, however, this is at present unknown. Research focused on the
co-occurrence of BC and HM concentrations in UH soils, in combination
with understanding HM bioavailability, could provide clear evidence of
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the role of BC in mitigating the risk to human health of elevated HM
concentrations in UH soils.

To expand and scale-up UH within cities it is essential to understand
the risks of contaminant exposure in the food chain and identify the
major factors that influence variability and bioavailability of HM within
UH soils. Through a two-year national sampling campaign, we investi-
gated the bioavailable and total HM soil concentrations, soil BC and TOC
concentrations in 200 allotment plots across 10 UK cities. The aims of
this study were to:

1. Determine the concentrations of BC across UK UH soils

2. Determine the total HM concentrations across UK UH soils and
investigate the soil properties that influence their variability

3. Assess the soil total HM concentrations against C4SLs and NBCs to
investigate whether growing food in UH soils could pose a risk to
human health

4. Determine the bioavailable concentrations of HM across UK UH soils
and investigate the soil properties that influence their bioavailability
to assess the risks of HM exposure in the food chain.

2. Material and methods
2.1. Site selection

Ten case study cities across the UK were selected: Bristol (B), Cardiff
(CA), Edinburgh (ED), Leeds (LD), Leicester (LE), Liverpool (LV), Milton
Keynes (MK), Newcastle (NE), Nottingham (NO) and Southampton (SO)
(Fig. 1). These ten urban areas were selected to capture the geographic
range across the UK. Within each urban area, four allotment sites were
randomly selected using GIS, after dividing each area in four equal
quadrants using ArcGIS 10.4.1, which have been presented in more
detailed elsewhere (Dobson et al., 2021). In each allotment site, five
allotment plots were selected for soil sampling. In total, 200 allotment
plots in 40 sites were soil sampled during the 2017 and 2018 growing
seasons.

The bedrock geology of each allotment site was derived from the
Geology of Britain viewer digital dataset (British Geological Survey). In
total, eight bedrock groups were identified on which allotment soils
develop from: Sandstone; Mudstone; Argillaceous; Sedimentary;
Mudstone, Siltstone and Sandstone (MDSS); Sandstone, Siltstone and
Mudstone (SDSM); Dolostone; Clay, Silt and Sand (CLSISA) (Fig. 2).

2.2. Soil sampling strategy and processing

At each allotment plot, three soil samples were taken under one
perennial and one annual crop using Eijkelkamp soil auger to 20 cm
depth (n = 1200 soil samples). Samples were air-dried and sieved to 2
mm with stainless-steel sieve. Subsamples of each of the three replicates
were mixed, composited into one sample, and then homogenised in an
agate ball-mill. In total, 400 composite soil samples (200 composite
samples under annual crops and 200 composite samples under perennial
crops) were processed for chemical and statistical analyses.

2.3. Soil analyses

Soil pH was measured in 0.01 M CaCl; suspension using a 1:10 soil
solution ratio (Houba et al., 2000). Soil texture was determined by Laser
Scattering Particle Size Distribution Analyser (Horiba LA 950): prior
analyses, TOC was firstly removed by addition of HyO, (9.8 M) to 10 of
soil (Mikutta et al., 2005) and then soil samples were mixed with 0.1 %
sodium hexametaphosphate. Soil texture was analysed in two allotment
plots randomly selected in each allotment site, with a total of 80 soil
samples analysed across the 10 cities.

TOC was measured in a CN elemental analyser (Vario EL Cube; Iso-
prime, Hanau, Germany): prior analyses, soils were treated with HCIL
(5.7 M) to remove any inorganic carbon (IC) and consequently dried at
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Fig. 1. a) City level allotment sampling strategy for the 10 study cities using Leicester as an example (blue dots: allotment sites, green dots: sampled allotment sites,
red lines: north-south, east-west lines dissecting city into four quadrants); b) Geographical distribution of study cities across the UK (blue dots: study cities, green dot:

Leicester the city represented in a).
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Fig. 2. The bedrock geology of allotments in the ten case study cities.

105 °C for 24 h (Edmondson et al., 2015). The TOC remaining after IC
removal comprises of two main components: ecosystem-derived organic
carbon (OC) and BC. Hydropyrolysis (hypy), a method which reduc-
tively separates labile and refractory TOC fractions in soils through
pyrolysis assisted with high hydrogen pressure (150 bar) and dispersed
sulphide molybdenum (Mo) catalyst (Meredith et al., 2012; Ascough
et al., 2010), was used to determine the relative TOC proportion of OC
and BC. BC was quantified by comparing the TOC content before and
after the hypy of the soil sample by using Equation (1) as described by
Meredith et al. (2012); whereas OC was quantified as OC = TOC - BCpypy.

_ Residual TOC (mg OC in hypy residues including spent catalyst)

were then digested for 2 h at 120 °C on a heating block. Once cool, the
digested samples were filtered using grade 42 Whatman ashless filter
and diluted to volume with ultra-pure water. Bioavailable HM concen-
tration in soil was estimated by extraction with 0.01 M CaCly (Nabulo
et al., 2011; Houba et al., 2000). Samples at a 1: 10 (w: v) ratio were
shaken for 2 h at 200 rpm. After extraction, samples were centrifuged at
3000 rpm for 10 min, filtered through 0.45 pm membrane filter and
diluted to volume using ultra-pure water. Inductively coupled plasma
mass spectrometry (ICP-MS) was used to measure the total and
bioavailable soil content of Arsenic (As), Cadmium (Cd), Chromium
(Cr), Copper (Cu), Nickel (Ni), Lead (Pb) and Zinc (Zn). The CaCl,
extraction method was chosen for the estimation of bioavailable HM
concentrations for several reasons. Firstly, the CaCly-extractable HM are
often found to well correlate with their concentrations in plant and thus
better predict metal bioavailability compared to other methods, such as
EDTA and DTPA, which have been found to poorly predict HM
bioavailability (Zhang et al., 2010; Vazquez et al., 2008; Menzies et al.,
2007; Rao et al., 2007; Novozamsky et al., 2006). Secondly, research has
also reported that this method has a better mobilizing effect for HM in
soils compared to other low salt solution, such as NaNO3 (Pueyo et al.,
2004). Lastly, this single extraction procedure in combination with
ICP-MS allows assessment of the bioavailability of HM simultaneously,
which is quite attractive from a laboratory-operational point of view
(Milicevic et al., 2017; Houba et al., 2000).

2.4. Lead isotopic ratio analysis

A subsample of soil samples (one sample per each allotment site; n =
40) was analysed to identify the Pb sources in UK allotment soils. Lead

Soil total HM concentration was determined by digestion with aqua
regia in accordance with ISO 11466:1995. Briefly, 0.25 g of soil samples
were mixed with 2 ml HNOj3 (65-67 %) and 6 ml HCI (37 %) in 50 ml
glass tubes and allow to stand for 16 h at room temperature. Samples

Initial TOC (mg OC in soil sample including catalyst)

x 100 (€]

isotopic ratios of 2°°Pb/2%’Pb and 2°8Pb/2%Pb were measured with
quadrupole-based mass spectrometers (ICP-QMS) in the soil digested
samples, where the total Pb concentrations were previously quantified.
Soil samples were prepared and analysed as describe in Usman et al.
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(2018). The isotopic ratios for petrol derived Pb, UK-coal and ore
derived Pb were used to identify the sources of Pb in our soil samples.
Specifically, the isotopic ratios (2°°Pb,/2%”Pb and 2°2Pb,/2°”Pb) for petrol
derived-Pb have been estimated at 1.067 + 0.0007 and 2.340 + 0.011,
for ore Pb at 1.182 + 0.0004 and 2.458 + 0.0002 (Galenas - PbS from
Derbyshire and Leicestershire was used as representative of ore Pb) and
for Pb in UK coal (Nottinghamshire, Yorkshire, Derbyshire) at 1.184 +
0.0005 and 2.461 + 0.012 (Mao et al., 2014).

2.5. Quality assurance

Quality assurance of the HM analyses was ensured through inclusion
of reagent blanks, analytical reagent grade, certified soil reference ma-
terials (ERM-CC141; ISE 961) and internal reference samples for the ICP-
MS. All glassware was soaked in nitric acid solution for 24 h and rinsed
with ultra-pure water. The recovery of soil reference material ranged
between 93 and 103 % for all the element analysed, apart from Cu which
was 86 %. The limits of detection (LOD) for soil bioavailable HM con-
centrations are presented in Table S1.

2.6. Soil screening values and normal background concentrations

The current land contamination risk assessment in UK involves the
comparison of measured total HM concentrations with the soil screening
values (SGVs or C4SLs) and the relevant NBCs (Defra, 2014; Environ-
ment Agency, 2009). If the total HM concentrations are below the
respective screening values and NBCs then a site can be qualified as
non-contaminated and suitable for food growing purposes, if the con-
centrations measured exceed the generic screening values, then a
site-specific and detailed quantitative risk assessment may be carried out
and further actions assessed (Defra, 2014). Soil total HM concentrations
were compared against UK C4SLs for allotment use (Defra, 2014) and
NBCs for urban domains (Ander et al., 2013). Some HM (Cu, Ni) did not
have a C4SL derived yet and in those cases soil concentration was
compared against UK soil guidelines values (SGVs) (Environment
Agency, 2009). The SGV for Zn was not available within the current UK
guidance, so here concentrations were compared against SGVs set by the
Finnish legislation (Ministry of the Environment Finland, 2007) as often
applied at European and international level in the context of agricultural
soils assessment (Toth et al., 2016).

NBCs represent the upper 95 % confidence limit of the 95th
percentile of HM concentrations found in UK soils resulting from both
geogenic and anthropogenic diffuse pollution (Ander et al., 2013). NBCs
are categorised into different domains (e.g. mineralisation, urban,
principal-non-urban) based on the most important factor controlling the
HM concentration in that soil (Ander et al., 2013). In this study, soil total
HM concentrations were compared against NBCs for urban domain.
Urban NBC was not available for As and Ni, so in these cases soil total
concentrations were compared against NBCs for principal domain. To
note that NBCs sit above the soil screening values (SGVs and C4SLs) of
Cu and Pb, whereas NBCs sit below the soil screening values of As, Cd
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and Ni. Table 1 summarises the C4SLs, SGVs and NBCs used for this
study.

2.7. Statistical analyses

A linear mixed-effect (LME) model was used to determine the factors
influencing total and bioavailable HM soil concentrations across UK
allotment soils using the R package nlme (Pinheiro et al., 2020). Linear
mixed-effect model was chosen as it allows to model hierarchical/nested
data structure and account for non-independence when the observations
are grouped, as in our case. The need for multilevel models was statis-
tically tested for each model by comparing the Akaike information cri-
terion (AIC), the Bayesian information criterion (BIC) and the
log-likelihood of models fit with only the intercept and models fit with
the intercept and the random part specified (allotment site was treated
as random-effect variable). In total, 14 LME were built, one for each HM
investigated (total and bioavailable concentration of As, Cd, Cr, Cu, Ni,
Pb and Zn). In all models, the dependent variables were soil total or
bioavailable HM concentrations. The fixed-effect variables tested were
soil BC concentration; soil OC concentration; soil pH; soil texture (% of
clay, sand, and silt particles); bedrock geology (Fig. 2); city (the ten
cities investigated, Fig. 1) and crop type (annual or perennial). The
categorical variables bedrock geology, city and crop type were entered
as factor in R in order to be modelled. Maximum likelihood was used as
method of estimation. The AIC was used to compare the performance of
the models and identify the best fitting model for each HM. Soil pH and
HM, BC and OC concentrations were log transformed prior analysis to
meet LME assumptions. Bioavailable HM concentrations below the
limits of detection of the ICP-MS were discarded from the statistical
analyses.

Spearman’s rank correlation coefficients were calculated to assess
the association between Pb and the other HM. All statistical analyses
were performed using the R software, version 3.5.1 (R Core Team,
2017).

3. Results
3.1. Urban horticultural soil properties across UK

The median properties of UH soils were pH of 6.48 (4.84-7.21
range); percentage of sand particles of 38.61 % (17.12-54.08 range);
percentage of silt particles of 50.40 % (35.45-68.82 range); percentage
of clay particles of 9.99 % (4.37-19.49 range); TOC concentration of
60.50 mg g’1 (15.10-221.7 range); OC concentration of 45 mg g’1
(6.05-211.9 range) and BC concentration of 12.35 mg g~! (1.34-132.4
range) (Table S2). Soil TOC, OC and BC concentrations varied signifi-
cantly by city (p < 0.0001; Fig. 3 a-c). Milton Keynes had the lowest OC
and BC concentrations, whereas Newcastle had the highest OC and BC
concentrations (Fig. 3 b-c). Black carbon comprised a significant portion
of the TOC across all allotment soils with a median proportional
contribution of BC to TOC of 21.6 % (2.27-89.73 range, Fig. 3d). The

Table 1
Soil screening values (C4SLs and SGVs) and NBCs for the total heavy metal and metalloids investigated. Values are expressed in mg kg ! soil dry weight.
As Ccd Cr Cu Ni Pb Zn
NBCs * 32° 21°¢ 190 42° 820
C4SLs for allotment ¢ 49 4.9 170 80
SGVs for allotment © 150 230
SVGs for agricultural soils * 250

@ NBCs for English soils, Ander et al. (2013).

b NBCs for principal domain, Ander et al. (2013).
¢ NBCs for urban domain, Ander et al. (2013).

4 C4SLs for allotments, Defra, 2014.

¢ SGVs for allotment, Environment Agency, 2009.

f Standard set in the Finnish legislation for contaminated agricultural soil, Ministry of Environment Finland (2007).
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Fig. 3. Soil TOC, OC and BC concentrations in mg g~* (a, b and c) and soil BC contribution to TOC in % (d) across ten urban areas in the UK (n = 357). Boxes

represent 25th, 50th and 75th percentiles; black dots represent outliers.

Table 2

Outcomes of the linear mixed effect models explaining the variability of soil total HM concentrations across UK UH soils. Results included model terms (fixed and
random effect) and the results of type III analyses of variance of each of the fixed effect variables included in each model. Abbreviations stand for: soil black carbon

concentration (BC) and soil organic carbon concentration (OC).

Outcome variables

Random effect

Model results

Fixed effect variables

City Bedrock geology BC oC BC:OC Crop type
Arsenic Site F (d.f) 10.92 (7,37.68)
p< 0.001
Cadmium Site F (d.f) 2.36 (8,39.61) 4.61 (7,40.09) 17.12 (1,331.15) 7.87 (1,329.47)
p< 0.05 0.001 0.001 0.01
Chromium Site F (d.f) 14.98 (8,34.36) 9.21 (7,36.26)
p< 0.001 0.001
Copper Site F (d.f) 2.21 (8,38.19) 3.30 (7,38.46) 18.81 (1,327.47) 17.09 (1,325.37)
p< 0.05 0.01 0.001 0.001
Lead Site F (d.f) 3.11 (8,38.13) 5.47 (7,38.33) 21.85 (1,325.73) 5.89 (1,323.60)
p< 0.01 0.001 0.05 0.001
Nickel Site F (d.f) 9.60 (8,36.35) 10.85 (7,37.51) 6.93 (1,332.35)
p< 0.001 0.001 0.05
Zinc Site F (d.f) 2.61 (8,37.35) 5.10 (7,38.02) 11.07 (1,326.19) 13.21 (1,322.39) 4.73 (1,327) 4.90 (1,297.02)
p< 0.05 0.001 0.001 0.001 0.05 0.05

greatest BC to TOC ratios (BC/TOC) were found in Leeds (36 %) fol-
lowed by Newecastle, Nottingham and Cardiff (30 %); the lowest in
Milton Keynes (10 %) and Southampton (13 %) (Fig. 3d).

3.2. Total HM concentrations across UK urban horticultural soils and
factors influencing their concentrations

The national median total concentrations of the HM investigated
were: As 15.14 mg kg ~! (3.68-79.49 range); Cd 0.67 mgkg ~* (0.14-6.5
range); Cr 28.33 mg kg ~! (9.36-580.1 range); Cu 56.85 mg kg !
(9.66-751.5 range); Ni 25.23 mg kg -1 (4.5-1020 range); Pb 182.6 mg

kg ~! (28.78-3943 range) and Zn 251 mg kg ~! (46.16-1213 range)
(Table S4). For soil total concentration of Cd, Cu, Ni, Pb and Zn the best
fitting model explaining their variability included bedrock geology, city,
and soil BC concentration (Table 2, Fig. 4). For Cd, Cu, Pb and Zn total
concentrations the addition of soil OC concentration to the model
significantly improved the fit (Table 2). The model for Zn total con-
centrations was also improved by the addition of crop type and the
interaction between OC and BC (Table 2). The most parsimonious model
for As total concentration only included bedrock geology as a fixed effect
and for Cr included bedrock geology and city (Table 2). Soil pH and soil
texture did not influence the variability of total HM concentrations.
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Fig. 4. Soil total HM concentrations (mg kg ~1) across ten cities in the UK (n = 391 composite soil samples). The concentration of As, Cd, Cr, Cu, Pb, Zn is presented
in a-f, respectively. Boxes represent 25th, 50th and 75th percentiles; black dots represent outliers. The red dashed line indicates the C4SLs and SGVs, whereas the

black dotted line indicates the NBCs.

All soil total concentrations fell below the C4SL for Cr, with 99 % and
98 % of soils below the C4SL for As and Cd respectively and 98 % of soils
below the SGV for Ni (Fig. 4 a-c; Table S4). However, 83 % of soil total
concentrations exceeded the C4SL for Pb and 48 % and 5 % exceeded the
SGVs for Zn and Cu respectively (Fig. 4 d-f). Of these total

concentrations exceeding Cu and Pb soil screening values, 4 % (repre-
senting 16 allotment plots) and 3.5 % (representing 14 allotment plots)
were also above the NBCs of Cu and Pb respectively (Fig. 4 d-e).
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Table 3
Spearman’s r coefficient for the correlations between Pb and other HM (As, Cd,
Cr, Cu, Ni and Zn).

Pb vs. Pb vs. Pb vs. Pbvs.Cu  Pbuvs. Pbvs. Zn
As Cd Cr Ni
Spearman’s 0.36 0.50 0.18 0.64 0.42 0.86
r
p 0.022 0.0009 0.28 <0.0001 0.0071 <0.0001

3.3. Lead source in UK urban horticultural soils and correlations with
other HM

The isotopic ratios (2°°Pb/2%7Pb and 2°8Pb,/2%7Pb) of the total soil Pb
concentrations fell on the mixing line between the isotopic ratio from
petrol and UK coal/Pb ore (Fig. 5) indicating that Pb in UK allotment
soils resulted from a combination between petrol and UK coal/ore Pb
derived. The contribution of coal and ore derived Pb was ubiquitous
across UK UH soils ranging between 47 % and 91 % with a mean of 68 %
+ 1.93 (+standard error; Table S5). The greatest mean concentrations of
coal and ore Pb derived were found in Bristol (77 %), Nottingham (73 %)
and Leeds (74 %) soils. The contribution of petrol derived Pb in allot-
ment soils was also ubiquitous across UK allotment soils, ranging be-
tween 9 % and 53 %, but lower compared to coal and ore Pb derived
with a mean of 31 % =+ 1.93 (+standard error; Table S5). The greatest
mean concentrations of petrol derived Pb were found in Cardiff (41 %)
and Liverpool (37 %) soils.

There was a significant positive correlation between Pb and all the
other HM, except for Cr (Table 3). A strong correlation was particularly
observed between Pb and Cu and Zn (Table 3, Spearman’s r =
0.64-0.86, p < 0.0001). These significant associations provide indirect
information on the sources of these other HM, which may share some
common sources with Pb in UK UH soils.

3.4. Bioavailable HM concentrations across UK urban horticultural soils
and factors influencing their concentrations

The bioavailable median concentrations of HM across all cities were:
As 0.037 mg kg ~! (0.004-0.2710 range); Cd 0.005 mg kg !
(0.001-0.035 range); Cr 0.1 mg kg ~! (0.07-2.66 range); Cu 0.18 mg kg
~1(0.1-2.65 range); Ni 0.068 mg kg ~* (0.03-1.56 range); Pb 0.023 mg
kg ! (0.017-0.29 range) and Zn 4.73 mg kg ~! (3.45-5.33 range) (Fig. 6
a-f) (Table S6). There were 78 %, 63 %, 62 % 46 % and 76 % of the
bioavailable concentrations of Cr, Cu, Ni, Pb and Zn respectively below
the LOD of the ICP-MS (Table S1). The remaining soil samples had
median bioavailable concentrations which represented only a minor
fraction (0.01-1.8 %) of the total soil concentrations of Cr, Cu, Ni, Pb
and Zn. The bioavailable concentration of As and Cd below the LOD
account for only 5 % of the total soil samples but as with the other HM
the median bioavailable concentrations represented a minor fraction
(0.2 % and 0.6 % respectively) of the total soil concentration of As and
Cd. For the bioavailable concentration of Pb and Ni the best fitting
model explaining their bioavailability included only soil BC concentra-
tion (Table 4). For Cd and Cr, the model best fitting the data included
soil OC concentration, and the interaction between OC and pH (Table 4).
In addition, for bioavailable Cr concentration the model estimation was
improved by including the total Cr soil concentration and soil pH
(Table 4). No fixed-effect variable was found to explain the bioavail-
ability of As and Zn.

4. Discussion

Previous studies have found that UK UH soils contain a high con-
centration of TOC (Dobson et al., 2021; Edmondson et al., 2014), this
research has demonstrated that BC represent a significant fraction of this
TOC pool across all UH soils, with a national median value of 21.6 % and
a range between 2.27 % and 2.27-89.73 % (Fig. 3d). In general, the
BC/TOC ranges found across UK UH soils were similar to those reported
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in several research studies across different urban areas (Edmondson
et al., 2015; Wang et al., 2014; Mitchell et al., 2014; Liu et al., 2011).
This research also provided the first nationwide assessment of the
variability of total HM concentrations across UK UH soils and the factors
influencing these concentrations. The median total HM concentrations
observed across UK UH soils (Fig. 4 a-f) were comparable to those pre-
viously reported in 33 allotment plots across the city of Bristol (Giusti,
2011) and those observed across 12 urban allotment sites sampled
across North and South UK in 2004 (Weeks et al., 2007). However, the
total concentrations of Cd and Pb were lower compared to those re-
ported in Weeks et al. (2007). Similarly, the mean total concentrations of
Cr, Cu and Pb were lower compare to the those found across four
allotment sites in the city of Glasgow (Hursthouse et al., 2004) and the

median total concentrations of Cd, Pb and Zn found across 4000 urban
gardens in UK (Alloway, 2004). In contrast, the median total concen-
trations of Pb and Cd found Nottingham and Leeds allotment plots were
higher compared to those found in 10 allotment plots in Nottingham and
Leeds in 1988 (Moir & Thornton, 1989).

An important factor explaining the variability of total HM concen-
tration across UK UH soils is bedrock geology (Table 2). Indeed, the
geochemical processes that affect the bedrock geology are one of the key
factors influencing the natural concentrations of HM in soils (Alloway,
2012; Duffus, 2002). However, our research also revealed that BC is
another significant factor determining the variability of total HM con-
centrations (Cd, Cu, Ni, Pb and Zn) across UK UH soils (Table 2). We
could ascribe this to the coexistence of BC and HM in soils as a result of
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Table 4
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Outcomes of the linear mixed effect models explaining soil HM bioavailability across UK UH soils. Results included model terms (fixed and random effect) and the
results of type III analyses of variance of each of the fixed effect variables included in each model. Abbreviations stand for: soil black carbon concentration (BC), soil
organic carbon concentration (OC), soil pH (pH) and soil total HM concentration (Total [Me]).

Outcome variables Random effect Model results

Fixed effect variables

BC
Cadmium Site F (d.f)
p<
Chromium Site F (d.f)
p<
Lead Site F (d.f) 8.03 (1,66.44)
p< 0.01
Nickel Site F (d.f.) 11.04 (1,113.65)
p< 0.01

ocC pH OC:pH Total [HM]
3.90 (1,318.22) 4.06 (1,318.40)

0.05 0.05

11.84 (1,36.98) 8.01 (1,37.031) 10.05 (1,37) 6.46 (1,38.90)
0.01 0.01 0.01 0.05

their co-deposition, as also suggested in He & Zhang (2009) where a
significant correlation between HM and BC was observed. Extensive past
and current industrial activities in the UK represent a source of HM in
urban soils. Biomass burning and fossil fuel combustion during opera-
tions like mining, smelting, plating and metal working are all major
sources of BC-bound Cu, Cd, Ni, Pb and Zn emissions (Rawlins et al.,
2012). This might potentially explain why BC is a significant factor
contributing to HM variability. Providing further evidence of this are the
differences in total HM and BC concentrations across the soils investi-
gated. For instance, Milton Keynes and Southampton had the lowest
median concentrations of both total HM (Cd, Cu, Pb, Zn; Fig. 4 a-f) and
BC (Fig. 3 ¢). Similarly, some of the highest median total concentrations
of Cd, Cu, Pb and Zn (Fig. 4 a-f) are found in Leeds, Nottingham,
Newcastle and Cardiff where some of the greatest median BC concen-
trations are also observed (Fig. 3c). Petrol, ore and coal derived Pb are
other major sources of total Pb in urban soils (Clarke et al., 2015;
Szolnoki et al., 2013: Morillo et al., 2008).

In the UK, the Clean Air Act of 1956 led to a decrease of BC emissions
(Novakov & Hansen, 2004), leading to a reduction in BC-bound Pb
emissions. In addition, the introduction of lead-free petrol in the 1990s
has further reduced the UK atmospheric co-depositions of BC-bound Pb.
However, UK UH soils have retained high level of Pb, thus potentially
explaining the strong modelled contribution of BC in the variability of
total Pb concentrations (Table 2). This was confirmed by the analyses on
the Pb isotopic ratios of soil total Pb concentrations, which indicate that
Pb sources in UK UH soils are a combination of petrol and coal and ore
Pb derived; in line with findings from previous research across UK urban
soils (Mao et al., 2014). The important role of BC in the variability of
total HM concentrations in UK UH soils could also be attributed to the
large specific surface area and cation exchange capacity of BC, resulting
in high sorption capacity for HM (Uchimiya et al., 2011; Park et al.,
2011; Beesley et al., 2011). Indeed, we found that BC is a significant
factor in determining the bioavailability of Ni and Pb (Table 4). This
suggests that while contributing to the accumulation of HM concentra-
tions in UH soils, BC may provide a biding surface for the bioavailable
HM concentrations or forming soluble stable complexes and thus
contribute to their immobilisation (Koelmans et al., 2006). Further
research is needed to understand the specific mechanisms that governed
HM immobilisation on BC in UH soils and the conditions at which HM
may became available for plant uptake.

Soil OC is another significant factor explaining the variability of Cd,
Cu, Pb and Zn total concentrations across UK UH soils (Table 2). Soil
organic application of compost and manure can be an important source
of metals in UH soils (Alloway, 2004). A recent study of more than 180
allotment holders found that the addition organic amendments to
allotment soils was almost ubiquitous, with 92 % of respondents adding
purchased compost and 82 % adding manure (Dobson et al., 2021). This
potentially explains the significant association between OC and HM
variability. However, as with BC, the relationship between HM and OC
could also be linked to the adsorption of HM onto OC, which represents
an important solid phase sorbent with high biding affinity for these HM

(Zeng et al., 2011). Indeed, soil OC is also a significant factor in deter-
mining the bioavailability of Cr and Cd (Table 4). This suggests that the
management practices (e.g. addition of organic amendment) adopted by
allotment growers across UK UH soils while increasing the total con-
centrations of HM in soils may also influence their bioavailability
contributing to its immobilisation.

None of the soil properties tested have a significant impact on the
bioavailability of As, Cu, and Zn. For Cu and Zn, this is probably because
of the high number of bioavailable concentrations are below LOD. The
bioavailability of As is mostly governed by the content of Iron oxy/hy-
droxide in soils (Williams et al., 2011; Wenzel et al., 2001), which was
not measured in this research, but perhaps explaining why the soil
properties tested here did not have a significant influence on As
bioavailability.

The outcomes of this research have demonstrated that although HM
are widespread across UK UH soils, most of the HM concentrations fall
below the respective soil screening level (99 % Cr; 98 % As, Cd, Ni; 95 %
Cu; 52 % Zn). However, 83 % of the total Pb concentration were above
C4SL, but only 3.5 % of these exceeded Pb NBC. This suggest that
growing food across UK UH soils pose low risk to the allotment growers
health. However, further site-specific risk assessment may be needed in
those allotment plots where the total HM concentrations were found
above the soil screening level. Localised sources of pollution could be
important in explaining the elevated concentrations of HM for the small
number of soil samples that exceeded the current screening values for
As, Cd, Cr and Cu. The application of organic and inorganic fertiliser,
manure, compost, but also application of pesticides, paint particles,
bonfires, rubber tires, runoff from metal surfaces (gutter and metal roof)
can be all sources of high HM concentration such as As, Cd, Cr, Pb and Zn
(Mitchell et al., 2014; Szolnoki et al., 2013; Alloway, 2004) and could
have potentially influenced the HM concentrations in these specific
plots.

The current risk assessment model known as Contaminated Land
Exposure Assessment (CLEA), used to derived UK C4SLs, predicts HM
crops uptake using soil to plant concentration factor which relates the
total concentration of HM in soils to its concentration in the crops (Cruz
et al., 2014; Hough et al., 2004). However, studies suggest that metal
bioavailability is a better indicator of HM crop availability than the total
HM concentration in soils as plants take up most of the nutrients from
the soil solution (Ge et al., 2000). Studies have indeed found that the
CLEA model significantly overestimates the HM uptake when using soil
to plant concentration factor based on total HM concentrations
(Entwistle et al., 2018). Here, we found that HM bioavailability across
UK UH soils is very low indicating a low risk of crop uptake. However,
further investigation on the HM concentrations in the crops produced on
these soils is needed to verify that the levels of HM are within the
regulation limits. Bioavailable concentrations represented only a minor
fraction (0.1 %-1.8 %) of the total concentrations. This was also true for
those soils where total Pb and Zn concentrations were 83 % and 48 %
above the respective soil screening values. The low HM bioavailability
across the 10 cities may be explained by the neutral pH values found
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across the allotment soils (mean soil pH = 6.4 + 0.02; Table S2), level at
which metal availability is decreased as most of the cationic metals are
expected to be adsorbed to the negatively charged soil solid surfaces.

These findings have implications for both management of the risk to
human health associated with UH growing in urban soils and with
management of UH soil. In a study conducted across Newcastle (UK) UH
soils, the authors found that, despite 98 % of the UH soils were above the
C4SL for Pb and Pb was highly bioaccessible in soils, the crop Pb con-
centrations below the regulation limits and no significant difference
between blood Pb levels in allotment growers and non-gardening
neighbours (Entwistle et al., 2018). Based on site-specific data, the
author then estimated that soil assessment criteria of 722-1642 mg kg !
for Pb may be more appropriate. The outcome of both these studies
seems to indicate that growing food crops across UK UH soils may pose
low risk to human health, although the elevated soil total Pb concen-
trations. Thus suggesting the need to define new site-specific C4SLs
based on model parameters that are reflective of UH characteristics, as
the current C4SLs may be overly conservative for UH scenario, espe-
cially for Pb (Entwistle et al., 2018; Leake et al., 2009).

In addition, allotment growers and urban growers in general would
benefits from education programs promoting UH soil management
practices that reduce the risk of HM exposure, especially in those plots
where the soil screening values were exceeded. These practices could
include the use of raised beds, addition of clean compost, cover cropping
and sustainable pest management (Laidlaw et al., 2018; Gregory et al.,
2016; Mitchell et al., 2014). In those plots with elevated Pb concentra-
tions, additional practices to reduce the risk of exposure could include
avoiding the growing of food crops that are known to accumulate high
concentration of Pb such as leafy vegetables (lettuce) and root vegeta-
bles (carrots, onions, turnips, and radishes) (Laidlaw et al., 2018;
Alexander et al., 2006). Finally, it is recommended to thoroughly
washed all food crops before consumption to remove any contaminated
soil particles deposited on the crops surface (Attanayake et al., 2014).
This could potentially reduce the need for investment in expensive
remediation treatments or prevent the unnecessary closure of a partic-
ular allotment plot.

5. Conclusion

Our research suggests that growing food across UK UH soils pose low
risk to the allotment growers health. However, further site-specific risk
assessment may be needed in those allotment plots where the total HM
concentrations were found above the soil screening level. At the same
time, soil bioavailable HM concentrations represented only a minor
fraction of the soil total concentration, also for those soils that exceeded
HM screening values, suggesting a low risk of crop uptake. Our results
also demonstrated that UK UH soils contain high concentrations of BC
which play a significant role in the variability and bioavailability of HM
concentrations. While contributing to build up HM concentrations, BC
may also provide a biding surface for the bioavailable HM concentra-
tions and contribute to their immobilisation. Consequently, BC con-
tributes to mitigate the risk of HM exposure into own-grown food crops
across UH soils. Soil OC also significantly affect both variability and
bioavailability of HM across UK UH soils, suggesting that soil manage-
ment practices adopted in UK UH soils, like manure and compost
addition, while increasing the HM concentration in soils, they could also
contribute to HM immobilisation.

We suggest that the derivation of C4SLs that are more suitable for UH
scenario and the development of education programs to promote soil
management practices that reduce the risk of HM exposure among
allotment growers could be a more appropriate approach in the assess-
ment and management of the risks especially in these soils where the HM
concentrations were found above the soil screening values for As, Cu, Pb
and Zn.

Further research should investigate the specific mechanisms that
governed HM immobilisation on BC and the conditions at which HM can
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become bioavailable such as the effect of soil microorganisms and
environmental conditions crucial in the degradation of BC in soil. In
addition, further assessment of the HM concentrations in the food crops
grown across UH soils and the associated risks are also needed.
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